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In a human heart, a large asymmetric clockwise vortex in the left ventricle smoothly 
redirect incoming blood from the mitral annulus to the aorta with minimal energy loss 
during ventricular diastole. However, implantation of artificial valves at the mitral 
position results in the loss of this physiological vortical formation, leading to an overall 
unstable flow in the left ventricle. This study seeks to: (I) Investigate the possibility of 
restoring the physiological left ventricular vortex formation by applying biomimicry to 
a tissue valve design, (II) design and develop a biomimetic mechanical mitral valve 
with improved hemodynamic performance, (III) investigate the effect of the anterior 
leaflet on vortex formation, (IV) investigate the effects of orifice geometry and 
position on left ventricular vortex formation and turbulence intensity. 
 
Two-dimensional particle Image Velocimetry technique was employed to capture the 
left ventricular downstream flow field of a novel tissue bioprosthesis installed within 
a mock left heart circulatory loop that mimicked the physiological environment in the 
left ventricle. The results were then compared to that of the well-established St. Jude 
Epic valve which functioned as a control in the study. Although both valves were found 
to have similar Reynolds shear stress and Turbulent Kinetic Energy levels, the novel D-
shape valve was found to have lower turbulence intensity and greater mean kinetic 
energy conservation. 
 
In addition, a bi-leaflet mechanical heart valve design (Bio-MHV) that mimics the 
geometry of a human mitral valve was also designed and fabricated, with the aim of 
reducing turbulence levels in the left ventricle by replicating physiological flow 
X 
 
patterns. An in vitro three-dimensional particle velocimetry imaging experiment was 
carried out to compare the hemodynamic performance of the Bio-MHV with that of 
the clinically established ATS valve. The Bio-MHV was found to replicate physiological 
left ventricular flow patterns and produced relatively lower turbulence levels. 
 
Furthermore, in vitro experiments involving 2D3C particle image velocimetry was 
subsequently done on a newly designed mechanical valve consisting solely of a curved 
anterior leaflet and the results compared against that of the well-established Hancock 
II tissue bio-prosthesis, with the latter functioning as a control. The findings obtained 
suggest that hemodynamic performance can be improved by solely mimicking the 
geometric feature of the anterior leaflet in a mechanical valve design, potentially 
resulting in lower thrombosis. 
 
Finally, the effect of orifice geometry and its position with respect to the posterior 
wall of the ventricle on vortical formation and turbulence intensity in the left ventricle, 
by utilizing four separate orifice configurations within an in vitro left heart simulator. 
Stereo particle image velocimetry experiments were then carried out to characterize 
the downstream flow field of each configuration. The findings obtained demonstrate 
that the generation of the physiological left ventricular vortical flow was not solely 
dependent upon the orifice shape but rather the subsequent jet-wall interaction of 
which the distance of the orifice geometric center from the left ventricular posterior 
wall plays a significant role. 
In conclusion, the findings of this dissertation can be the foundation upon which 
future biomimetic mitral valve designs are derived. 
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This chapter is an introduction to the anatomical and physiological background of the 
cardiac system in relation to the mitral valve apparatus and the left ventricle, followed 
by the common diseases of the mitral valve and the currently available prosthetic 
replacements, with their related complications. Subsequently, there will be an 
overview of the current in vitro methods that are employed in evaluating heart valve 
hemodynamic performance. 
 
1.1 Anatomy and physiology of human heart 
The human heart (Figure 1.1) is a biological pump made up of four chambers(1). The 
two chambers at the top portion of the heart are atriums, which are cavities where 
blood from the veins collect in. The lower chambers in the heart termed ventricles are 
highly muscular compartments that drives the blood coming from the atrium to the 
lungs and the rest of the other organs(1). Furthermore, there exist four distinctive 
valves(2) within the heart, with the function of maintaining unidirectional flow during 
the contraction and subsequent relaxation of the myocardium.  By working in concert, 
the valves enable the heart to function as organic circulatory pump within the human 
body. 
 
1.1.1 The left heart: Anatomy and the cardiac cycle 
The left side of the human heart is a two-chambered organic pump consisting of the 
left atrium and the left ventricle(1). Its function is to drive oxygenated blood 
originating from the lungs to the rest of the body via the systematic circulation. During 
atrial diastole, oxygenated blood first enters the left side of the heart through the 
pulmonary veins connected to the left atrium(3). The subsequent relaxation of the 
left ventricle creates a suction effect that pumps the blood from the left atrium into 
the left ventricle through the open mitral annulus(3). The ensuing left ventricular 
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contraction leads to an increase in pressure in the left ventricle causing the mitral 
valve located between the left atrium and left ventricle too close, thus preventing the 
backflow of blood in the process(3). The increasing ventricular pressure at 
approximately 120mmHg(4) (Figure 1.2) forces the blood out of the left ventricle to 
the rest of the body via the ascending aorta(3). The blood flow through the mitral 
valve has a waveform with two peak flows, namely the E wave and the A wave(5) 
(Figure 1.3) which gives it its distinctive pattern that can be taken to be an indicator 




Figure 1.1 Anatomy of the human heart(2). Reproduced with permission from 








Figure 1.2 The cardiac waveforms of the left heart(4). Reproduced with permission 




Figure 1.3 Mitral inflow waveforms (5). Reproduced with permission from Wolters 




1.1.2 The mitral valve anatomy  
The mitral valve is a bi-leaflet valve (Figure 1.4) located between the left atrium and 
the left ventricle(6). It serves to impose unidirectional blood flow from the atrium to 
the ventricle by closing during ventricular contraction, thus preventing backflow of 
blood. The mitral valve apparatus comprises of an anterior leaflet, posterior leaflet, 
two papillary muscles located at the ventricular walls and chordae tendinae which 
connects the leaflets to the papillary muscles(7, 8) (Figure 1.4  and Figure 1.5). The 
mitral valve is not planar in nature (Figure 1.7) but rather shaped like a saddle with its 
highest point at the location between the mitral and aortic annulus(2).  
 
 
Figure 1.4  
Figure 1.4 Schematic of a native mitral apparatus(6). Reproduced with permission 








Figure 1.5 View of a native mitral apparatus from the apex(6). Reproduced with 




Figure 1.6 Schematic illustrating the anterior and posterior leaflets of the mitral 
valve(2). Reproduced with permission from Springer. Copyright ©  2013, Springer 







Figure 1.7 Schematic showing the saddle shaped mitral annulus in relation to the 
other heart valves(2). Reproduced with permission from Springer. Copyright ©  2013, 
Springer Science + Business Media New York. 
 
1.2 Diseases of the mitral valve 
Mitral valves can fail to function normally due to several reasons. Some of the causes 
include rheumatic fever(9), bacterial infections(10), and calcification(11).  The failure 
of the mitral valve to establish unidirectional blood flow into the left ventricle can be 
broadly categorized into two distinct forms, mainly mitral stenosis and mitral 
regurgitation(12), with both having their respective causes and effects on mitral 
hemodynamics. 
 
1.2.1 Mitral valve stenosis 
Stenosis of the mitral valve describe the diseased state where there is significant 
stiffening and thickening of the bi-leaflets due to calcium deposits over time (Figure 
1.8), mainly in patients with rheumatic fever(12). The commissures of the valve 
become welded together over time, affecting the opening and closing of the valve as 
the disease progresses. Eventually, the obstructed valve opening results in a 
noticeable increase in blood pressure gradient across the valve and significantly 
reduced cardiac flow rate(13). As the stenosis progresses, symptoms such as 
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shortness of breath starts occurring. If left untreated, a high mortality rate ensues 
with heart failure being one of the most common causes of demise(12). Calcified 
mitral apparatus can be treated by the employment of balloon valvotomy(14), which 
is a minimally invasive procedure where a balloon dilates the calcified mitral annulus 
as it expands. This enlarges the cross-sectional area of the mitral orifice thus 




Figure 1.8 Calcified mitral valve(13). Reproduced with permission from Springer.  
Copyright ©  2010, Springer-Verlag Berlin Heidelberg. 
 
1.2.2 Mitral valve regurgitation  
The regurgitate blood from the left ventricle to the left atrium leads to a significant 
drop in cardiac output and forward flow due to the degenerative dysfunction of the 
mitral valve apparatus(16). This backwards leakage of blood over time is one of the 
reasons behind the enlargement of the left atrium(17) and associated irregular 
heartbeat(18). Mitral valve regurgitation is frequently a result of degradative, 
coronary and rheumatic diseases(19) that affect the tissues of the mitral valve 






Figure 1.9 Normal mitral valve in a healthy heart(13). Reproduced with permission 




Figure 1.10 Type I. Mitral valve regurgitation (Enlarged annulus)(13). Reproduced 







Figure 1.11 Type II. Mitral valve regurgitation(Leaflet(s) Prolapse) (13). Reproduced 




Figure 1.12 Type III. Mitral valve regurgitation(Shortened chordae tendinae)(13). 
Reproduced with permission from Springer.  Copyright ©  2010, Springer-Verlag 
Berlin Heidelberg. 
 
The mitral valve apparatus is an intricate design which requires the proper interaction 
of several components such as the leaflets, chordae and papillary muscles in order to 
function normally(8) (Figure 1.9). Any degeneration or dysfunction of any one of its 
constituents will result in the overall functional failure of the valve and subsequent 
regurgitation.  Mitral valve regurgitation can be categorized into three types 
depending of the cause of the functional failure. Type I mitral regurgitation(13) (Figure 
1.10) is caused by the enlargement of the left ventricle or that of the annulus. The 
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dilation of the left ventricle displaces the papillary muscles from their original 
positions further away from the valve resulting in insufficient coaptation as the 
leaflets are pulled away from each other by the connected chordae tendinae. 
Degradation of the leaflets is often associated with prolapse(19), where one or more 
of the leaflets are displaced backwards into the left atrium during ventricular systole 
leading to insufficient coaptation that allows blood to re-enter the atrium in a Type II 
mitral regurgitation(13) (Figure 1.11). Finally, type III mitral valve regurgitation is due 
to the abnormality of the chordae which impedes proper valve closing(13) (Figure 
1.12). 
 
1.3 Clinically available mitral valves 
Mitral valves that are diseased and cease to function appropriately require surgical 
intervention and often replacement for the restoration of normal cardiac function to 
take place. Traditionally, there are two main forms of surgical valves available for the 
mitral position, namely mechanical valves and tissue valves(20) which each type 
having its own advantages and drawbacks that both patients and clinicians should 
consider when selecting a suitable artificial heart valve replacement.  
 
1.3.1 Mechanical Mitral Valves 
One of the more common earlier ball and cage valve design was the Starr-Edwards 
valve(21) that comprised of a silicon rubber ball and a metallic cage around it which 
prevented the dislodgement of the ball during forward flow. The ball in turn served 
to stop the backflow of blood as it impinged upon the valve housing. Nevertheless, 
the bi-leaflet valve is the design most commonly implanted now(22). Although there 
are many available versions produced by several medical device manufacturers, their 
operation is based on similar fundamental working principles, only varying in certain 
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minor design parameters such as the shape of the pivot(23) and the maximal angle of 
leaflet rotation possible(24). The underlying working mechanism consist of a pair of 
symmetrical semicircular leaflets hinged at the center of the orifice in such a way that 
they rotate away from each other during closure, preventing the backflow of 
blood(25).  
 
1.3.1.1 St. Jude Medical (SJM) mechanical valve 
The SJM mechanical valve (Figure 1.13) has a classic bi-leaflet design with its leaflets 
manufactured from pyrolytic carbon which have the ability to be fully extended all the 
way to 85 degrees(26), allowing for a relatively unobstructed forward flow. 
Furthermore, tungsten has been added to the leaflets to improve detection with the 




Figure 1.13 St. Jude Medical mechanical valve(27). Reproduced with permission from 




1.3.1.2 Medtronic ATS mechanical valve 
Unlike the SJM mechanical valve, the Medtronic ATS valve comes equipped with an 
open pivot which represents a distinct advancement in valve design. The open pivot 
design means that the ATS valve (Figure 1.14) does not have any hollow pit 
chambered into the walls of the orifice near the hinge region. Rather, the hinge 
mechanism comprises of a spherical extrusion projected into the orifice for the 
leaflets to rotate about(28). The absence of a cavity has been shown to ensure that 
the new design is less thrombotic(29), with improved hemodynamics 
performance(28). The ATS valve has good safety record and clinical performance, 




Figure 1.14 ATS Medtronic mechanical valve. 
 
1.3.2 Bio-prosthetic mitral valve 
Presently, all clinically available tissue valves have the similarity of being tri-leaflet in 
design with a central unobstructed opening, with each of the three leaflets commonly 
fabricated from harvested porcine aortic valves or bovine pericardium tissue(31) 
treated with glutaraldehyde. Tissue valves are widely acknowledged as a less 
thrombotic alternative to the existing mechanical valves since intensive anti-
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coagulation therapy is generally not required for patients implanted with such 
valves(32). Nevertheless, tissue valves are primarily catered for older patients due to 
the occurrence of rapid leaflet degeneration in younger patients(33). Furthermore, 
tissue valves are relatively less durable compared to their mechanical counterparts as 
studies have shown that the average lifespan of a tissue valve is approximately fifteen 
years when implanted into older patients(34). 
 
1.3.2.1 St. Jude Epic Valve 
The St. Jude Epic valve (Figure 1.15) is the latest advancement of the well-established 
Biocor legacy tissue valve which is proven to have a long service life in a clinical 
study(35). The main difference between these two valve models lie in the fact that 
the Epic valve is processed with an anti-calcific chemical known as Linux AC, unlike in 
the case of the Biocor(36). This chemical priming process was done to reduce the 





Figure 1.15 St. Jude Epic valve. 
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1.3.2.2 Medtronic Hancock II valve 
The Hancock II valve (Figure 1.16) is regarded as the newest derivation of the Hancock 
valve which was first implanted in 1982(37). Its leaflets undergo a chemical 
preservation process in diluted glutaraldehyde at both low and high hydrostatic 
pressures, with the additional inclusion of sodium dodecyl sulfate that aids in 
improving calcification resistance(38). Furthermore, material changes were made in 
the manufacturing of the Hancock II which consisted in Delrin as the material of choice 
in the fabrication of the valve stent(38), which might be one of the reasons for the 
perceived improvement in durability in a clinical study done by Bortolotti et al. during 




Figure 1.16 Hancock II Bioprosthesis. 
 
1.4 Artificial Heart valve complications 
Although the implantation of artificial valve prostheses re-establishes the 
unidirectional flow of blood through the orifice, patients now face artificial valve 
implantation related complications since man made valves cannot fully replicate the 
functional hemodynamics performance of the native valve due to related inherent 
design and material limitations imposed. The most common complications that 
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plague both implanted mechanical and tissue valve designs include structural failure, 
thrombosis, regurgitation and calcification(40) which result due to the combination 
of several concurrent factors such as blood flow dynamics, material interaction and 
biological responses.  
 
1.4.1 Structural Failure and Calcification 
Valve structural failure(40) (Figure 1.17) occurs when the valve is no longer functional 
because of material degradation which leads to subsequent mechanical failure. The 
current clinically bi-leaflet mechanical valves such as the ATS valve are extremely long-
lasting and is shown to have promising results at the 15th year mark(41). This reliability 
was not observed in earlier mechanical valve designs where occurrences of structural 
failure were more frequent. Earlier mechanical valve designs in valves such as the 
Bjork-Shiley valves were prone to sudden and catastrophic failures due to 
dislodgement of the occluder from the housing of the valve(40). The root cause of this 
problem was traced to the faulty welding that joined the cage to the valve’s housing.  
Nevertheless, structural degeneration is still a cause for concern in tissue prosthetic 
valves, especially at the leaflets where failure occurs due to tearing and hardening, as 
a result of a calcification process at areas where there is high mechanical loading and 
leaflet deformation(42). Presently, several studies suggest that subjecting the tissue 
leaflets to chemical pre-treatment might aid in the reduction of subsequent 
calcification upon implantation(43, 44), done with the aim of extending the service 






Figure 1.17 Structural failure of a tissue bio-prosthesis(40). Reproduced with 
permission from Springer.  Copyright ©  2010, Springer-Verlag Berlin Heidelberg. 
 
1.4.2 Thrombosis 
Damage to blood cells can occur as the nature of the flow field through implanted 
prosthetic valves is often non-physiological, subjecting the blood cellular constituents 
to elevated levels of stress resulting in either hemolysis or platelet activation or 
both(45, 46). This is especially true for mechanical heart valves which require patients 
to undergo intensive anticoagulation treatment upon implantation(32). Damaged 
blood cells and platelets can coagulate on the leaflets and housing of the valve(40) 
(Figure 1.18), obstructing proper opening of the leaflets during forward flow leading 
to a stenotic effect that increases blood damage because of shear stress(47). On the 
other hand, during reverse flow, improper closing of the leaflets might result in 
leakage(40). This obstruction of the valve function is often fatal if not treated in time. 
Therefore, there is a critical need for early diagnosis and detection, which commonly 





Figure 1.18 Obstruction of mechanical valve orifice by thrombus formation(40). 
Reproduced with permission from Springer.  Copyright ©  2010, Springer-Verlag 
Berlin Heidelberg. 
 
1.4.3 Paravalvular Leakage 
Valve leakage is defined as paravalvular (Figure 1.19) if the regurgitation jet is situated 
in the areas surrounding the orifice(49), which can be diagnosed and detected by the 
utilization of echocardiography(50). Below are the several contributing factors to 
para-valvular leakage that occur post-implantation as summarized by Dominik et 
al.(40), 
1.  The original condition of the annulus prior to implantation. Annuli with 
substantial inflammation, infection and calcium deposits tend to degrade the 
quality of the implantation site.  
2. Surgical skill and technique of the surgeon. The valve fixation and placement 
method chosen by the surgeon and its execution is a factor that determines 
if post implantation paravalvular leakages will occur. Furthermore, 




3. The sewing ring’s material. A prior study has shown that using silver coated 
material for the fabrication of the sewing ring can lead to valve detachment 




Figure 1.19 Implanted mechanical valve with para-vavular leakage(40). Reproduced 
with permission from Springer.  Copyright ©  2010, Springer-Verlag Berlin Heidelberg. 
 
1.5 Hemodynamics performance of heart valves 
Throughout the years of cardiac valve technology advancement, heart valves of 
varying forms have developed for the mitral position with the aim of restoring normal 
cardiac output in the left heart circulation. Nevertheless, no two valves are alike and 
thus there is a need to quantify the performance of a particular design by 
benchmarking its hemodynamic performance against existing standards. One way to 
do so involves the investigation of the flow field downstream of the valve design, 




1.5.1 Left Ventricular Vortex Formation 
Studies have shown that in a healthy left ventricle, there exist a distinctive vortical 
flow pattern seen throughout the cardiac cycle(52). Recently, it has been suggested 
that this physiological flow pattern might be related to the efficient performance of 
the heart’s pumping mechanism(53). As a result, the left ventricular vortex formation 
has now been proposed as an additional hemodynamic parameter of cardiac 
health(54).   
 
1.5.1.1 Physiological vortex formation in a healthy left ventricle 
Blood first enters the left ventricle via the mitral annulus during the E wave, before 
being redirected to the left ventricular outflow track as it swirls around the apex. 
Several studies have suggested that this swirling motion caused by the presence of a 
large asymmetric vortex in the left ventricle is vital for cardiac efficiency and minimal 
energy dissipation(53, 55). The establishment of a large clockwise vortex (Figure 1.20) 
in the middle of the left ventricle allows for the smooth entry of subsequent blood 
flow into the left ventricle during atrial contraction (A wave), resulting in the reduction 





Figure 1.20 Cardiac vortical flow patterns. Adapted by permission from Macmillan 
Publishers Ltd: Letters to nature(52), copyright (2000). (www.nature.com) 
 
Figure 1.20 shows left ventricular flow patterns in an in vivo study(52). The clockwise 
swirling effect produced in a healthy ventricle identified by the arrows, can be clearly 
seen during late diastole as the blood enters the ventricle. The swirling blood 
contained in the ventricle is then directed in an orderly manner out of the ventricle 
into the ascending aorta (Figure 1.21)(56). This swirling phenomena is not distinct to 
left ventricular flow field but it is also observed in the right atrium(52) (Figure 1.20), 
where blood coming from opposite directions enter in a way that reinforces the 






Figure 1.21 Left ventricular vortex formation. (a) Late diastole (b) Early systole. 
Adapted by permission from Macmillan Publishers Ltd: Letters to nature(56), 
copyright (2014). (www.nature.com) 
 
1.5.1.2 The effect of cardiac diseases and artificial valve implantation on left ventricular 
vortex formation 
Since the native mitral apparatus is designed for the efficient movement of blood 
through the circulatory system, it is not surprising that any deviation from its 
geometrical morphology caused by its diseased state(56) or the implantation of 
artificial valve(57) will result in an altered vortical formation that differs significantly 
from that seen in a healthy heart. Thus, there is a pertinent need to investigate the 
specific hemodynamic effects of various disease conditions and the common types of 
artificial valves on the resulting left ventricular flow field.  
 
1.5.1.2.1 Dilated Cardiomyopathy 
Cardiomyopathy is a cardiac disease of the heart muscle tissues. Dilated 
cardiomyopathy (DCM) is one such category of this disease which affects the walls of 
the heart(58). Patients suffering from DCM have greatly enlarged left ventricles, which 
lead to an alteration in the flow patterns (Figure 1.22)(56). From data obtained 
utilizing magnetic image resonance, it can be observed that the diameter of the 
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ventricle is greater than normal(58). From a biofluid mechanics viewpoint, this results 
in a significantly pronounced sudden expansion effect, leading to energy losses(59) in 
the form of an increased level of turbulence. Furthermore, non-physiological fluid 
induced stresses on the ventricle wall result in maladaptive biological tissue response 




Figure 1.22 Vortex formation in healthy and dilated ventricles. Adapted by 
permission from Macmillan Publishers Ltd: Nature reviews Cardiology(56), copyright 
(2014). 
 
1.5.1.3 Artificial heart valve implantation at the mitral position 
In vivo studies have shown that left ventricular flow patterns are highly altered post 
artificial valve implantation at the mitral position, with the loss of the physiological 
vortex formation(57). All existing prostheses produce this observed downstream flow 
disturbance, however the observed alteration in left ventricular flow field depends on 




1.5.1.3.1 Tissue bio-prosthesis valve 
 All clinically available tissue valves have some similar design features that include a 
circular orifice and three leaflets that coapt at the center. This geometrical design 
symmetry produces a uniform and consistent vortical ring during ventricular diastole 
as the filling jet travels towards the apex, resulting in the creation of a counter-
rotating vortex pair in the ventricle (Figure 1.23). Instead of a single large clockwise 
vortex seen in a healthy heart, the counter-rotating vortex pair produces a region of 
positive vorticity near the posterior wall and an area of negative vorticity near the 




Figure 1.23 Typical flow pattern downstream of tissue valves(57). Reproduced with 
permission from Elsevier. Copyright ©  2010 The American Association for Thoracic 
Surgery. Published by Mosby, Inc. All rights reserved.  
 
1.5.1.3.2 Bi-leaflet Mechanical valve 
Like tissue bio-prostheses, current mechanical valve designs do not differ greatly from 
each other. The generic mechanical design consists of a circular orifice with a pair of 
semicircular leaflets hinged at the center. Due to its opening mechanism, the valve 
was observed to generate two distinct filling jets traveling away from each other in a 
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study by Tan et al. (refer to Specific Aim 2), with one towards the posterior wall and 
the other towards the septum(60). This flow profile generates a vortex with an anti-




Figure 1.24 Typical flow pattern downstream of a mechanical valve with the bi-
leaflet design(57). Reproduced with permission from Elsevier. Copyright ©  2010 The 
American Association for Thoracic Surgery. Published by Mosby, Inc. All rights 
reserved. 
 
1.5.2 PIV experiments of heart valves 
Particle Image Velocimetry is an effective technique in the experimental 
quantification of diverse flow fields such as wakes generated downstream, attached 
wall flows and free shear jets(61). It is employed in experimental in vitro studies of 
heart valves with the aim of characterizing the downstream flow patterns generated 
by the valve design, since hemodynamics parameters such as Reynolds shear stresses 




1.5.2.1 Left heart experimental flow loop involving a native mitral valve 
Lately, there is increase in the utilization of various in vivo imaging tools in the clinical 
setting which allows for researchers to obtain patient specific mitral valve 
geometries(63, 64). By importing anatomically accurate geometries into commercially 
available computational fluid dynamic software, complex and detailed analysis of the 
in vivo flow field can be subsequently carried out, which leads to further progress in 
the understanding of the effect of mitral valve diseases on the flow field. Nevertheless, 
these computational studies require validation to ensure the accuracy and reliability 
of the results obtained. In order to address this pertinent need, Rabbah et al.(65) have 
designed a novel experimental circulatory loop that allows for the incorporation of a 




Figure 1.25 Experimental flow loop with a mitral valve harvested from sheep(65). 
Reproduced with permission from Springer. Copyright ©  2012, Biomedical 
Engineering Society. 
 
Stereoscopic Particle Image Velocimetry (Figure 1.26) was employed to characterize 
the flow field at the location immediately downstream of the valve. Their results 
shown that the incoming filling jet at peak flow was found to be in the vicinity of the 






Figure 1.26 (a) Stereo particle image velocimetry experimental setup. (b) and (c) 
Camera 1  Camera 2(65). Reproduced with permission from Springer. Copyright ©  
2012, Biomedical Engineering Society. 
 
However, this study suffers from several limitations, including the fact that a 
physiologically accurate ventricle was not included in the experiments and 
furthermore the flow waveform through the mitral valve was not physiological. 
 
1.5.2.2 An asymmetric mechanical heart valve design for the mitral position 
Vukicevic et al.(66) have designed and developed a mechanical mitral valve with the 
aim of generating a left ventricular flow field that closely resembles that of the 
physiological state. The valve design consisted of two leaflets, with the anterior one 
notably larger in size as compared to the posterior leaflet. Although the frame of the 
valve was circular, the opening mechanism of the valve ensured that the orifice was 
D-shaped during forward flow. Their experimental findings suggest that the 
mechanical valve design was able to replicate left ventricular flow patterns that is 
similar to that found in healthy hearts. Furthermore, in comparison to a clinically 





1.5.2.3 Asymmetrical vortex formation produced by the implementation of an anterior 
leaflet 
In this study by Falahatpisheh et al.(67), a silicon valve with a single anterior leaflet 
was implanted into a pulsatile flow loop, with the aim of investigating the impact that 
the anterior leaflet has on the formation of an asymmetrical vortex ring downstream 
(Figure 1.27). From the analysis carried out, it was observed that the incorporation of 
the anterior leaflet enhances the asymmetric generation of the vortical ring, 
especially at the subsequent time steps after its initial formation. They postulate that 
the increased vorticity skewness is the result of the geometrical combination between 




Figure 1.27 Formation of vortex rings(67). Reproduced with permission from 
Springer. Copyright ©  2015, Biomedical Engineering Society. 
 
Nevertheless, this work has several limitations which includes the fact that the effect 
of vortex-wall interaction on vortex evolution in the left ventricle was left out, since a 
silicon ventricle was not utilized in this study. Furthermore, water was used instead 
of a blood analog that matches the viscosity and density of blood. This might affect 




1.5.2.4 The effect of transcatheter valve deployment on downstream flow field 
Transcatheter valves are a recent minimally invasive option in addition to traditional 
legacy valves that require open heart surgery(68). However, the implantation of the 
valve into a stenotic annulus causes the orifice to become deformed, resulting in the 
loss of its original circularity(69). Gunning et al. hypothesized that this deformation 
affects the normal coaptation of the tri-leaflet valve situated within the stent, 
potentially leading to leakages and poor hemodynamic performance(70). Therefore, 
an in vitro study (Figure 1.28)(70) was conducted with the aim of assessing the impact 





Figure 1.28 (a) Circular and Eccentric valve experimental setup. (b) Experimental flow 
loop used during study(70). Reproduced with permission from Springer. Copyright ©  
2014, Biomedical Engineering Society. 
 
The results obtained (Figure 1.29) suggest that the distortion of the trans-catheter 
valve from its original circular configuration leads to higher levels of turbulence and 
shear stress downstream. From these findings, they have inferred that higher damage 






Figure 1.29 Contour plots at peak flow(70). Reproduced with permission from 
Springer. Copyright ©  2014, Biomedical Engineering Society. 
 
1.5.3 Hemolysis and thrombosis in Mechanical heart valve designs 
Blood platelets are disc-like structures with a diameter of 2-4 μm(71). They have an 
important role to play in the formation of blood clots when activated under 
mechanical stress due to blood shearing(72). Fluctuating velocities in highly turbulent 
flows leads to increased levels of Reynolds shear stresses that has been shown to 
damage blood cells and is a factor in the development of thrombosis(73). Compared 
to red blood cells, blood platelets have membranes that are relatively non-flexible, 
thus it has a lower activation threshold of 200 ± 100 dyne/cm2 as compared to the 
hemolysis threshold of 2000 ± 500 dyne/cm2(74). Nevertheless, recent studies(75-77) 
have postulated that red blood cell damage might also be linked to turbulent viscous 
shear stress which is similar in scale to the red blood cell. An experimental particle 
image velocimetry study done by Yen et al.(77) has shown that hemolysis occurred at 
a threshold level of 517 Pa in terms of Reynolds shear stress, whereas the 
corresponding hemolytic turbulent viscous shear stress value was an order of 
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magnitude less. This was done by employing the large eddy particle image velocimetry 
method postulated by Sheng et al.(78) in order to estimate the turbulent viscous shear 
stress values from the filtered velocity vectors obtained from particle image 
velocimetry measurements.  
 
This disparity in shear stress magnitude can be attributed to the fact that the Reynold 
shear stress is derived from the root mean squared fluctuation of the turbulent flow 
rather than the shear force acting on the red blood cell at its spatial scale(75). 
Therefore, there is a need for an alternative measure of blood damage based on the 
extent of viscous dissipation levels at the Kolmogorov scale(76). This will elucidate the 
actual amount of blood damage that can be taken into account when new 















































This chapter covers the fundamental fluid mechanics concepts that are pertinent to 
left ventricular hemodynamics, especially concerning that of the mitral position 
where blood undergoes a sudden expansion as the filling jet enters the left ventricle. 
Here, vorticity, helicity and the formation of vortical coherent structures are discussed 
as the filling jet interacts with the ventricular walls. The subsequent subsections in 
this chapter will further elaborate on turbulence concepts which are pertinent to the 
eventual breakdown and dissipation of the vortices in the left ventricle.  
 
2.1 The Vortex 
Although vortices are frequently observed in nature, the definition and identification 
of one is not unanimously delineated(79). Nevertheless, through vortex detection 
algorithms, one can define a vortex structure as a region with observable rotation and 
swirl present(80). Vortices form what is known as coherent structures in turbulent 
flows in which high magnitude of vorticity can be found(81).  
 
2.1.1 Sources of Asymmetric Vortex Formation 
The vortex structure formed when a free jet exits a axisymmetric circular orifice can 
be said to be symmetrical about the jet, as the positive and negative dipoles are 
approximately similar in size and magnitude(82). In contrast, asymmetrical vortical 
formation involves the uneven distribution of vorticity in the flow field either at the 





2.1.1.1 Flow through an inclined nozzle as a means of asymmetric vortex formation  
Studies(82, 84) have shown that the nozzle shape at the exit has a significant effect 
on the subsequent formation of the vortex structure (Figure 2.1), since the surface of 
the nozzles plays an important role in the rotation of the shear layer at the trailing 
edge during boundary layer separation. One method of producing asymmetrical 
vortical structures is the utilization of an inclined nozzle with uneven length at the 
trailing edges, obtained by removing a section of the pipe by a plane inclined at 




Figure 2.1 The nozzle configurations employed in the study (a) flat (b) D/2 (c) Inclined 
D(82). Reproduced with permission from Cambridge University Press. . Copyright ©  





Figure 2.2 Helicity density colored vorticity isosurface (a) t* =2.62 (b) t*=3.68(82). 
Reproduced with permission from Cambridge University Press. . Copyright ©  2011, 




In this study, Le et al.(82) have found that in the case of the inclined nozzle, the 
asymmetrical nozzle geometry resulted in the production of a pair of vortical rings 
with unequal intensity. This was found to be significant in its contribution to 
subsequent vortical development in successive time steps. Furthermore, it was 
established that numerous instances of interactions between vortices of unequal 
intensity and the surrounding walls (Figure 2.2) were found to be present during flow 
progression. These interactions were deemed to be critical to the generation and 
subsequent dissipation of asymmetrical vortical structures downstream of an inclined 
tube. This study is relevant to the scope of the thesis since the mitral valve annulus 
can be taken to be an asymmetrical D-shaped nozzle. Thus, it can be expected that 
vortical formation downstream will be asymmetrical in nature. 
 
2.1.1.2 Pulsatile flow through leaflets as a means of asymmetric vortex formation  
Several experimental studies involving vortex formation by flow through leaflets have 
been previously done (Figure 2.3) (85-87). It is established that the material properties 
of the leaflets such as its elastic modulus has an effect on vortex formation and 
vorticity patterns downstream(86, 87). Furthermore, an experimental study by 
Romano et al.(85) involving the utilization of particle image velocimetry has shown 
that asymmetrical vortex formation can be achieved by directing pulsatile flow 
through leaflets with unequal lengths (Figure 2.4) or a configuration with only a single 





Figure 2.3 A downstream vorticity plot of 2 symmetrical leaflets(85). Reproduced 




Figure 2.4 A downstream vorticity plot of a pair of non-symmetric leaflets(85). 






Figure 2.5 A downstream vorticity plot of a single leaflet(85). Reproduced with 
permission from Springer. Copyright ©  2009, Springer-Verlag. 
 
The experimental results obtained by Romano et al.(85) have shown that the counter-
rotating vortex pair with the two vortices of similar intensities observed in the case of 
the symmetric leaflet configuration was altered when one of the leaflets was 
shortened or absent (Figure 2.4 and Figure 2.5). The shortening or removal of a leaflet 
was found to cause the skewing of the vortex trajectories to the side opposite that of 
the longer leaflet. In addition, the asymmetric and single-leaflet configuration 
produces a counter-rotating vortex pair of unequal size and circulation in the initial 
time steps during its formation.  Their findings also suggest that the presence of 
leaflets increases the displacement of the vortical pair over time away from the orifice 
when the vorticity plot of the single-leaflet configuration is compared to those of the 
symmetric and asymmetric configurations. The experimental results obtained in this 
study are significant to the scope of this thesis since the mitral valve apparatus 
essentially consist of two leaflets of unequal length hinged at opposite ends. Thus, the 
findings of the study will aid in the understanding of left ventricular vortex formation. 
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Figure 2.6 A collision of a vortex ring with a solid surface inclined at an angle(83). 
Reproduced with permission from Springer. Copyright ©  2016, Springer-Verlag Berlin 
Heidelberg. 
 
Prior studies have examined the vortex-wall interaction phenomena involving the 
direct impingement of a pair of counter rotating vortex on a flat surface.  Building 
upon these findings, new studies have investigated the impact of a counter-rotating 
vortex pair with surfaces of varying degrees of inclination (Figure 2.6)(83, 88). By 
directing a counter-rotating vortex pair towards a rigid surface at varying angles, 
Couch et al. (88)have shown that the vortex structure, vorticity distribution and the 
rate of kinetic energy loss are parameters that are closely dependent on the angle at 
which the incoming vortex pair makes with surface (Figure 2.7). Their findings suggest 
that at lower angles of incidence (a more parallel vortex trajectory with respect to the 
surface), the high shear rate occurring near the surface results in the viscous 
dissipation of the vortex which is closest to the surface itself, leaving behind the 
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remaining member of the original pair, resulting in an asymmetrical vorticity 




Figure 2.7 Vorticity formation near a solid surface. (a) normal impact (b)(angle≈60o) 
 (c) angle≈10o(88). Reproduced with permission from Springer. Copyright ©  2011, 
Springer-Verlag. 
 
2.2 Vortex Identification methods 
Vortices are key structures in a turbulent flow that is commonly described as a region 
of flow where there is a substantial presence of vorticity and swirl. However, a precise 
and comprehensive definition of what constitutes a vortex is not conclusive(80). Thus, 
there are several computational schemes(89-91) that have been developed over the 
years with the purpose of identifying distinctive vortical structures in turbulence since 




The common vortex detection algorithms make use of the velocity gradient ∇v which 
is not dependent on the observer’s velocity. The well-known ones are Δ (89), λ2 (90) 
and λci (91). 
 
2.2.1 The λ2 criterion (Adapted from Jeong et al.)(90) 
Jeong et al(90) have postulated that in a highly fluctuating viscous flow, the vortex 
core cannot be identified by the region of minimum pressure. Abandoning the 
fluctuating and viscous components, the derivative of the Navier-Stokes equation can 




𝑝𝑖𝑗 + 𝛾𝑢𝑖,𝑗𝑘𝑘  (2 − 1) 
Where 𝑎𝑖𝑗  is the derivative of the acceleration. And 𝑝𝑖𝑗  is a symmetric tensor. 
Therefore  𝑎𝑖𝑗  can be separated into components that are symmetric and 
antisymmetric such as: 
 𝑎𝑖𝑗 =  
𝐷𝑆𝑖𝑗
𝐷𝑡
+ Ω𝑖𝑘Ω𝑘𝑗 + 𝑆𝑖𝑘𝑆𝑘𝑗 +  
𝐷Ω𝑖𝑗
𝐷𝑡




+ Ω𝑖𝑘Ω𝑘𝑗 + 𝑆𝑖𝑘𝑆𝑘𝑗 is symmetric and 
𝐷Ω𝑖𝑗
𝐷𝑡
+ Ω𝑖𝑘𝑆𝑘𝑗 + 𝑆𝑖𝑘Ω𝑘𝑗 is the 
antisymmetric equation describing vorticity transport.  
Combining the two equations gives: 
𝐷𝑆𝑖𝑗
𝐷𝑡
− 𝛾𝑆𝑖𝑗,𝑘𝑘 + Ω𝑖𝑘Ω𝑘𝑗 + 𝑆𝑖𝑘𝑆𝑘𝑗 =  −
1
𝜌
𝑝𝑖𝑗  (2 − 3) 
Where the term 
𝐷𝑆𝑖𝑗
𝐷𝑡
 corresponds to the fluctuating and non-rotational strain rate, 
𝛾𝑆𝑖𝑗𝑘𝑘 is the viscous component. These two terms in the equation will be left out as 
mentioned previously. The elimination of  
𝐷𝑆𝑖𝑗
𝐷𝑡
 and 𝛾𝑆𝑖𝑗,𝑘𝑘 leaves the 𝑺
2 + 𝛀2 tensor 
to influence the region of minimum pressure caused by the swirling nature of the flow. 
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Since  𝑺2 + 𝛀2 is a symmetric tensor consisting of only three eigenvalues λ1, λ2 and λ3 
that are real where λ1 ≥ λ2 ≥ λ3, the center of the vortical structure can be defined as 
the collective region where there are two negative eigenvalues and thus λ2 <0 can be 
taken to be the detection threshold. 
 
2.3 Helicity 
Helicity defined as ∫ 𝒗 ∙ 𝝎 𝑑𝑉, denotes the alignment of vorticity and velocity vectors 
within a flow field. It demarcates the interconnectedness of vortical structures within 
the flow field (Figure 2.8). For the case of incompressible fluids, helicity is first 
generated at the boundary layer before it changes with time under the influence of 





Figure 2.8 Schematic of helical vortices (a) and (b) with different directions of 
twist(93). Reproduced with permission from Springer. Copyright ©  2009, Springer-
Verlag. 
 
2.3.1 The role of helicity in turbulent flows 
It has been suggested that the distinctive spatial alignment of velocity and vorticity 
vectors has an effect on the turbulent energy dissipation(94). It is hypothesized that 
since highly turbulent flows have large 𝒖×𝝎 magnitudes, locations in the flow that 
are relatively less turbulent are significantly more helical(94). The presence of helicity 
inhibits the transfer of energy from the large energy containing integral length scales 
to the smallest Kolmogorov eddies where dissipation occurs(95). Therefore, it can be 
42 
 
concluded that lower turbulent energy dissipation is found in zones where the flow 
has significantly large helicity magnitude(96). Furthermore, it is suggested that highly 
helical vortices being less susceptible to decay are long lasting with prolonged 
coherent structural integrity(97). This explains the utilization of helicity in weather 
forecasting and storm related phenomenon(98).    
 
2.4 Application of Large eddy simulation (LES) to Particle Image Velocimetry 
(PIV) experimental data 
Large eddy simulation is a turbulence model first employed by Smagorinsky et al. in 
atmospheric studies(99). In a highly turbulent flow, there exist eddies of different 
sizes of which energy dissipation occurs at the smallest length scale according to the 
Kolmogorov theory. The LES model enables the reduction in time needed in 
computational studies involving turbulent flows by the separation the unsteady flow 
field into a resolved velocity field consisting of large scale coherent structures and an 
unresolved velocity scale with the utilization of a low pass filter(78). Following this, 
Navier-Stokes equation can then be applied to the resolved velocity field, without the 
need to incur additional computational cost involved in the resolution of the solution 






Figure 2.9 Schematic showing the movement of energy from the resolved scale to the 
unresolved scale(78). Reproduced with permission from Elsevier. Copyright ©  2000, 
Elsevier Science B.V. 
 
The low pass filter which separates the resolved scale from the unresolved scale is of 
a certain fixed “bandwidth” Δ derived from the cut off wavenumber(78) (Figure 2.9). 
In order for the equation to be closed, it requires the addition of a supplementary 
term called the Sub-Grid Scale (SGS) stress. In turbulent flows with high Reynolds 
numbers, this SGS stress term can be derived from the product of the Smargorinsky 
constant, the filter width and the resolved strain rate tensor(78).  
 
Although LES is usually utilized in computational studies involving turbulent flow, 
recent studies have shown that the large eddy method can be applied to fluctuating 
velocity fields obtained from the Particle Image Velocimetry (PIV) experimental 
technique(78, 100-102).  This was shown to be possible in these studies since the 
ensemble averaged velocity fields obtained from multiple PIV measurements only 
consist of large scale eddies, similar to the resolved scale in the LES model. The PIV 
technique filters out motions which are smaller than the defined interrogation area 
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employed in the area of interest, since each interrogation area corresponds to only 1 
velocity vector determined from several instantaneous velocity vectors obtained from 
various tracer particles. Thus, the size of the interrogation area is comparable to the 
filter width of the LES model, and the ensemble averaged velocity field corresponds 
to the LES resolved scale.  











>) (2 − 4)  
From the strain rate tensor, the SGS stress can be computed as: 
< 𝜏𝑖𝑗 >= −2𝐶𝑠
2∆2|𝑆̅| < 𝑆𝑖𝑗̅̅̅̅ > (2 − 5)    
Where 𝜏𝑖𝑗  is the derived average SGS stress tensor, 𝐶𝑠  = 0.17 is taken to be the 
Smagorinsky constant(99), ∆2 (mm2) is the interrogation area and |𝑆̅| =
 √2 < 𝑆𝑖𝑗 ><̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑆𝑖𝑗 >̅̅ ̅̅ ̅̅ ̅ . 
Therefore, LES when applied to PIV derived experimental data, it allows for the 
determination of the areas in the flow where energy dissipation at the Kolmogorov 
length scale occurs. 
 
2.5 Lamb Vector and its divergence 
The integral lamb vector (𝑙 = 𝜔×𝑢 ) can be defined as a vortex force(103). The lamb 
vector is connected to the characterization of coherent motions in turbulent flow with 
relation to helical flows since the lamb vector is significantly high in regions in the flow 
where helicity is relatively low (as inferred from the definitive equation). The lamb 
vector derivative, the divergence is defined as(104): 
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∇ ∙ 𝒍 = 𝒗 ∙ ∇ ×𝝎 − 𝝎 ∙ 𝝎 (2 − 6) 
Where 𝝎 is the vorticity and 𝒗 is defined as the velocity field. 
Furthermore, ∇ ∙ 𝒍 can be decomposed into two parts: (1) 𝒗 ∙ ∇ ×𝝎 (2) − 𝝎 ∙ 𝝎 
Where (1) 𝒗 ∙ ∇ ×𝝎 is the flexion product and (2) − 𝝎 ∙ 𝝎 is the negative enstrophy. 
 
Hamman et al.(104) have suggested that the lamb vector divergence is closely related 
to momentum transfer, and thus ∇ ∙ 𝒍 can be utilized to identify spatial regions where 
changes in fluid momentum have the potential to occur (Figure 2.10 and Figure 2.11). 
Because the 2nd term (2)− 𝝎 ∙ 𝝎 is always negative, for ∇ ∙ 𝒍 to be positive, (1)𝒗 ∙
∇ ×𝝎  has to be also positive. Such locations in the flow where ∇ ∙ 𝒍  is positive 
represents areas where energy is expended. On the other hand, locations where ∇ ∙ 𝒍 
is negative denotes regions where energy is stored in the form of vortical structures. 
In light of this, it is postulated by Hamman et al. that momentum flux happens at zones 
where highly positive and highly negative ∇ ∙ 𝒍 regions interact(104). From Green’s 
transformation in a fluid volume V of interest, it can be shown that: 
∫ ∇ ∙ 𝒍
𝑉
𝑑𝑉 = ∫ 𝒗 ∙ ∇×𝝎 − 𝝎 ∙ 𝝎
𝑉
𝑑𝑉 =  ∮ (𝝎×𝒗) ⋅
𝑆
𝑑𝑆 (2 − 7)  
Where it is clear that the volume integral of the lamb vector divergence is equal to 
the surface integral of outward lamb vector normal to the bounded surface S. This 
shows that the total divergence of the lamb vector within a volumetric flow is related 







Figure 2.10 Lamb Vector divergence cross sectional instantaneous contour plot in a 
turbulent flow(104). Reproduced with permission from Cambridge University Press. 




Figure 2.11 (a) Instantaneous Lamb vector divergence (b) instantaneous flexion 
product plots near a cylinder (104). Reproduced with permission from Cambridge 
University Press. Copyright ©  2008, Cambridge University Press. 
 
2.5.1 Lamb Vector Divergence in a compressible flow past an aerofoil 
Lamb vector and its divergence can be utilized to elucidate the complex flow 
phenomena of a compressible flow past an aerofoil. In a numerical study by Chen et 
al.(105), they have analyzed the spatial distribution of the positive and negative lamb 
vector divergence variable values on the surrounding surfaces of the aerofoil. From 
this analysis, they were able to show clearly the changes in momentum of the fluid 
with time as a fundamental factor in development of the turbulent shear layer near 
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the end of aerofoil, which aided in their investigation on the complex flow phenomena 
present at several flow regimes of interest. Their results based on the analysis of the 
lamb vector divergence spatial distribution were in good agreement with prior studies 


















































3.1 Overarching Dissertation Hypothesis 
The characteristic attribute of the mitral valve’s anterior leaflet create unique 
downstream flow patterns and contributing to the physiological cardiac fluidic 
environment within the ventricle(67). However, it has been shown that the 
implantation of artificial prosthetic valves at the mitral position alters this 
physiological flow patterns(57), with the resulting disturbed flow observed to have 
relatively greater energy losses(57). Furthermore, this might result in a need for anti-
coagulation treatment to be administered, especially in the case of mechanical heart 
valves where the treatment is lifelong(106). This dissertation is based on the 
hypothesis that the biomimicry of certain geometrical features of the native mitral 
valve when incorporated into prosthetic mitral valve designs can replicate the 
physiological left ventricular flow field leading to lower turbulence levels. The findings 
of this thesis can be potentially utilized for the design of future mitral valves that are 


















Figure 3.1 Hypothesis and Specific Aims overview. 
Dissertation Hypothesis 
Biomimicry can improve mitral valve 
performance 
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This dissertation is made up of four specific aims and their corresponding hypotheses 
(Figure 3.1), with the objective of addressing the pertinent proposition that the 
biomimetic approach to mitral valve design may further improve hemodynamic 
performance. 
 
3.2.1 1st Hypothesis and Specific Aim I 
1st Hypothesis 
Biomimicry of a native mitral valve’s geometric features in a tissue valve design may 
restore the physiological left ventricular vortex formation. 
 
Specific Aim I 
The design and development of a D-shaped bi-leaflet bio-prosthesis which replicates 
the physiological left ventricular flow patterns, as a foundation for future numerical 
analysis on patient specific native mitral valve dynamics. 
The performance of current bio-prosthesis designs have traditionally been evaluated 
on conventional parameters such as trans-vavular pressure drop, effective orifice area, 
para-valvular leakage and Reynolds shear stress levels(107). Although the well-
established tri-leaflet design has been clinically proven to have long term 
durability(108) and low levels of thromboembolism(109), recent studies have 
suggested that the implantation of an artificial valve at the mitral position significantly 
alters left ventricle flow field(57, 110, 111).  
 
In a healthy heart, the left ventricular flow field consists of an asymmetrical clockwise 
vortex structure that smoothly redirects the incoming blood from the mitral position 
to the left ventricular outflow tract and towards the aorta (52, 57). This physiological 
flow pattern minimizes kinetic energy loss due to turbulent fluctuation, conserving 
the energy provided by the incoming jet at peak flow(52). Furthermore, it has been 
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established that vortex formation in the left ventricle is an indicator of cardiac 
health(54) , thus abnormal or disturbed flow patterns might predict impeding cardiac 
diseases before any overt symptoms begin to appear(56, 112). Thus, the conventional 
parameters used to determine hemodynamic performance for mitral valves are no 
longer sufficient without the consideration of the valve’s effects on left ventricular 
flow patterns. Future mitral valve designs may need to take into account vortex 
formation in the left ventricle, by seeking to preserve the physiological asymmetric 
vortex structures. 
 
This study proposes a new bi-leaflet bio-prosthesis (GD Valve) that has its geometry 
and dimensions derived from the native human mitral valve enabling the generation 
of large asymmetrical clockwise vortices in the left ventricle (LV) similar to that 
observed in a healthy heart, resulting in lower velocity fluctuations and a conservation 
of kinetic energy as the incoming jet is redirected smoothly towards the outflow tract 
(LVOT). In order to test this hypothesis, the in vitro hemodynamic performance of the 
GD Valve is benchmarked against that of the well-established Epic Valve (St. Jude 
Medical) through comparison of flow field downstream of the valves inside the left 
ventricle. The experimental findings of this specific aim will serve to validate 







3.2.2 2nd Hypothesis and Specific Aim II 
2nd Hypothesis 
Biomimicry of a native mitral valve’s geometric features in a mechanical articial 
valve design can result in a left ventricular flow field with a reduced thrombotic 
potential. 
 
Specific Aim II 
The development of a mitral apparatus inspired mechanical prosthesis, with the 
objective of validating further computational modelling of biomimetic valve designs 
through the provision of experimental data. 
Patients with a diseased mitral valve may require an artificial heart valve implantation 
to restore cardiac efficiency in the left heart. In the case of younger patients, they are 
often implanted with bi-leaflet mechanical heart valves(113) which are durable and 
reliable up to 20 years(114). Unfortunately, mechanical heart valves are known to 
induce high levels of blood damage and platelet activation partially due to the 
elevated levels of turbulent shear stresses exposure, particularly at the hinge regions 
(115, 116). As such, there is a need for patients with implanted mechanical heart 
valves to undergo chronic anti-coagulant treatment in order to prevent thrombosis, 
often placing the patients at risk of bleeding(117) and autoimmune response 
complications. Nevertheless, advances in valve technology have led to improved 
hemodynamics in bi-leaflet valves like the ATS bi-leaflet prosthesis, which 
incorporates an open pivot hinge design that improved thrombogenic performance 
when compared to earlier generations of bi-leaflet valves(118). Furthermore, follow-
up clinical studies have shown that the ATS valve has an excellent safety profile with 
low thrombotic rates(28, 30). Most recently, the On-X prosthetic heart valve design 
with features like fully opening leaflets and stasis free hinges(119) has enabled the 





However, recent hemodynamic studies have suggested that the implantation of a bi-
leaflet mechanical prosthesis could significantly alter the left ventricular flow field, to 
an extent that the physiological flow patterns are lost(57, 121). Unlike a healthy heart 
where incoming blood is smoothly redirected towards the left ventricular outflow 
track (LVOT) by an asymmetrical clockwise rotating vortical structure(55), the in vivo 
flow pattern observed downstream of an implanted bi-leaflet mechanical heart valve 
has an opposite rotational direction, directing the blood away from the left ventricular 
outflow track(121). The resulting altered flow dynamics comprise of shed vortices, 
flow separation and wake eddies that potentially contributes to higher turbulence 
levels, leading to in platelet activation and turbulent energy dissipation(74). In 
addition, it is hypothesized that cardiac health may be quantified based on left 
ventricular vortex formation, and thus non-physiological flow patterns might be an 
indicator of future cardiac diseases(54, 56). Furthermore, a prior in vitro 
hemodynamic study by Vukićević et al. has shown that asymmetric valve designs can 
further enhance valve performance at the mitral position(66). 
 
This study proposes a new bi-leaflet mechanical heart valve design (Bio-MHV) that 
mimics the geometry of a human mitral valve(63), with the hypothesis that the 
biomimicry of the native mitral valve geometry will replicate physiological flow fields 
seen in a healthy heart, leading to minimal left ventricular turbulence levels. A 
reduction in wake turbulence downstream of the valve might potentially reduce 
hemolysis and platelet activation(74), eliminating the need for high dosage of chronic 




3.2.3 3rd Hypothesis and Specific Aim III 
3rd Hypothesis 
The incorporation of an anterior leaflet feature into a mitral valve design may result 
in an improvement in hemodynamic performance 
 
Specific Aim III 
An in vitro analysis of the mitral anterior leaflet’s sole effect on the left ventricular 
vortex formation within an idealized silicon phantom, initializing a preliminary 
insight into its potential role in velocity fluctuation suppression, and thus serve as a 
basis upon which subsequent computational hemodynamic studies can be validated.   
In a healthy heart, the incoming blood from the left atrium is smoothly diverted pass 
the apex towards the left ventricular outflow track (LVOT) during ventricular 
diastole(52). This inherent swirling motion facilitates the ejection of blood into the 
ascending aorta as the ventricle contracts, with minimal energy dissipation(55). Prior 
studies have shown that this efficient, orderly hemodynamic flow pattern is disrupted 
by the implantation of mitral prostheses, in patients that have undergone mitral valve 
replacement(57, 121, 122). Subsequent non-physiological left ventricular (LV) vortex 
formation was observed downstream of these artificial mitral valves, resulting in flow 
instabilities (large fluctuations in velocity) and significant energy dissipation(121).    
 
Lately there has been a notable interest in left ventricular velocity and vorticity 
profiles(56, 123-126), with efforts made to design artificial valves that mimic the 
natural geometrical profile of native mitral valves, aiming to replicate the 
physiological LV swirl patterns(66, 127, 128), since proper ventricular vortex 
generation is shown to be vital to ideal cardiac performance(54, 129). Furthermore, 
recent findings from several studies seem to suggest that the presence of the mitral 
anterior leaflet is essential in the generation of a single large asymmetrical vortical 
structure seen in normal LV flow fields(67, 125). Falahatpisheh et al.(67) have recently 
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established that the anterior leaflet has an important role in the formation of an 
asymmetric vortex, furthermore this vortex asymmetry was greatest during its initial 
formation and pinch off near the trailing edge of a flexible silicon leaflet(67), with the 
“doughnut” like shape vortex observed to differ significantly from that of a previous 
in vitro study involving an inclined nozzle without any leaflets(82).  Nevertheless, 
there is no clear evidence yet that this anterior leaflet induced asymmetrical vortex 
alone will improve the hemodynamic performance of future artificial mitral valve 
designs, since vortex-wall interactions were not taken into account in either of these 
studies. 
 
Although the previously developed mitral valves have shown to produce a similar 
asymmetrical LV vortex with an observed reduction in LV turbulence(60, 127), it is 
believed that since their geometrical features were derived entirely from native mitral 
valves, no conclusion can be made if the replication of only the anterior leaflet 
structure in a mechanical valve design will bring about similar hemodynamic 
improvements resulting from the production of an asymmetric vortex as described by 
Falahatpisheh et al. Therefore, this study aims to address this pertinent question by 
fabricating a mechanical valve consisting of a single curved leaflet hinged at the 
anterior edge of a D-shaped orifice, with the purpose of mimicking the native anterior 
leaflet. In doing so, the posterior leaflet was intentionally left out, and the leaflet was 
made of a relatively rigid material (Veroclear, Stratasys, Minnesota) in order to isolate 
the singular effect of the anterior leaflet structure on the LV flow field downstream of 
a mechanical valve. The well-established Hancock II tri-leaflet bio-prosthesis was 
utilized as an experimental control at which the effect of the anterior leaflet on the 
LV flow pattern and resulting the LV turbulence levels can be analyzed and compared 
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against, as it is well known that tissue valves exhibit relatively superior hemodynamics 
and are less thrombotic than their mechanical counterparts(130). 
 
This study aims to first examine the singular effect of the anterior leaflet on the 
establishment of a physiological vortex within a model LV and subsequently 
determine if the addition of a single anterior leaflet-like configuration can lead to a 
reduction of LV flow instability. The findings of this work can potentially lead to future 
improved mechanical designs with lower anti-thrombotic treatment requirements.  
 
3.2.4 4th Hypothesis Specific Aim IV 
4th Hypothesis 
The vortex formation downstream of artificial valves is dependent upon the location 
of the orifice in relation to the posterior ventricular wall. 
 
Specific Aim IV 
An investigation into the hemodynamic effects of mitral orifice geometry and 
position on subsequent left ventricular vortex formation and turbulence intensity, 
to provide a form of validation for future jet-wall interaction studies within the left 
ventricular space. 
With advances in in vivo imaging methods(131, 132), recent clinical studies have 
established that the presence of a large asymmetric clockwise vortex observed in a 
healthy left ventricle (LV) is vital for the minimization of energy loss and overall cardiac 
efficiency, by fluidly diverting the incoming filling jet from the mitral annulus to the 
left ventricular outflow track via the apex as the left ventricle contracts(52, 57, 133). 
However, it has been observed that the mitral implantation of artificial heart 
valves(57, 121) and the occurrence of certain cardiac diseases such as dilated 
cardiomyopathy(122) can result in the alteration of this optimal vortical structure, 
leading to the development of a disturbed left ventricular (LV) flow pattern with 
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inherent flow instabilities. In light of this, abnormal vortex formation in the left 
ventricle has been postulated to be a notable indicator of deteriorating cardiac health 
even before the appearance of any apparent symptoms(54, 134). Furthermore, a 
disturbed LV flow pattern might potentially induce pathological changes in 
cardiomyocytes in the surrounding ventricular walls, since these cells are known to 
respond to external stimuli such as changes in wall shear stress via their extra-cellular 
matrix(135).  
 
Latest findings from several hemodynamic studies seem to suggest that the 
generation of physiological LV asymmetric vortex is largely reliant upon the distinctive 
geometric structure of the mitral valve apparatus with its characteristic D shaped 
annulus and notably larger anterior leaflet(67, 136). Moreover, experimental results 
from an in vitro particle image velocimetry study by Okafor et al.(136) appear to 
substantiate this notion by illustrating that the left ventricular energy loss 
downstream of a D shaped orifice was lower in comparison to that of the circular 
shaped axisymmetric control.  Attributing this decreased energy dissipation to the 
lower overall LV circulation generated by the D shaped orifice, they have concluded 
that there might be an inverse relationship between the LV circulation and filling 
efficiency, with this being in good agreement with a prior proposition by Pierrakos et 
al.(111). 
 
Nevertheless, there might not be adequate evidence to substantiate the premise that 
the cardiac efficiency of the physiological LV vortex is based solely on the D shaped 
orifice of the native mitral valve, since from a fluid mechanics perspective, the mitral 
annulus acts as a nozzle with its influence limited to the initial boundary conditions of 
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the developing flow, whereas the formation of the complex three dimensional vortical 
structure observed in a healthy LV requires subsequent viscous interaction between 
the filling jet and the ventricular walls(137). Such a flow condition resembles that of a 
cavity flow(138) having an offset jet parallel to a solid wall with the no-slip condition 
in place(139), which in vitro experiments(140, 141) have shown that occurrence of 
recirculation zones, flow stability, impingement sites and subsequent reattachment 
are dependent upon the off-set distance of the jet from the solid wall with respect to 
the jet width(142).  
 
In this part of the thesis, it can be hypothesized that the formation of a physiological 
LV vortical structure with its intrinsic flow stability is not solely dependent upon the 
shape of the mitral orifice per se, but rather contingent upon the subsequent complex 
interaction between the filling jet and the posterior wall, of which the off-set distance 
of the jet from the wall is a factor. To test this premise, four orifices of varying 
configurations (Circular off-centered, Circular centered, Control D and Physiological D) 
have been utilized. They differ in terms of orifice shape (D shaped versus circular), and 
the off-set distance of the orifice center to the posterior wall. The filling jets from the 
configurations that are positioned close to the ventricle wall (Circular off-centered 
and Physiological D) were taken to be a wall jets, whereas the filling jets through the 
Circular centered and Control D orifices were regarded in the subsequent analysis as 
free jets since their distance from the posterior wall was relatively greater. The choice 
of these four configurations would allow the investigation into the effect of orifice 
shape on the subsequent vortex formation due to both bounded and unbounded jets. 
The findings derived from this work can potentially lead to future designs of mitral 
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valves and annuloplasty rings that minimizes left ventricular flow instability with its 
























































This chapter highlights the methods employed in data analysis and the process at 
which the results are derived from the velocity vectors measured experimentally. 
Furthermore, attention is paid to experimental procedures utilized during the study, 
with full description of the various valve designs tested.  
 
4.1 Analysis 
Post Processing analyses were done based on the PIV results obtained over 150 cycles 
(n =150). 
 
4.1.1 Inverse Distance Weighting (IDW) Interpolation 
Inverse Distance Weighting (IDW) is a nonlinear interpolation method that makes use 
of the weighted average at selected sample points to estimate the value at a location 
of interest. IDW allows for the estimation of fluid properties in the space in between 
measurement planes, in order for the construction of a volumetric flow field. The 
general formula for IDW is as follows: 













     (4 − 1) 
Where 𝑉 ̃is the interpolated value, 𝑛 is the number of data points surrounding the 
point of interest, 𝑑 is the distance from each of the data points to the point of interest 
and 𝑃 is the exponent value. The IDW is set to a minimum distance of 0, an exponent 
(𝑃) of 2 (or 3.5 in specific aim 4) and 8 data points selected in an octant point selection 
(𝑛  = 8). At each time step the velocity components (u,v,w) in each of the measured 
slice planes were combined to form a rectangular volume by IDW interpolation. 




4.1.2 Reynolds decomposition 
Each instantaneous velocity vector field is decomposed into two components, the 
mean velocity and the fluctuating component: 
𝒗𝒊 =  〈?̅?〉 + 𝑣′     (4 − 2) 
Where  𝒗𝒊  is the instantaneous velocity vector obtained experimentally, 〈?̅?〉 is the 
ensemble averaged filtered velocity over 150 cycles and 𝑣′ represents the fluctuating 
component of the velocity vector. 
 
4.1.3 Root Mean Square (RMS) of turbulent velocity fluctuation 

























)   (4 − 3) 
 Where n = 150 cardiac cycles. 𝑣𝑥, 𝑣𝑦, 𝑣𝑧 represents the fluctuating components of 
the velocity vector. 
 
4.1.4 Turbulence Kinetic Energy (TKE) 
Turbulence Kinetic Energy which is derived from the magnitude of the root mean-
square (RMS) of the turbulent velocity fluctuation approximates the kinetic energy 
magnitude associated with the level of the fluctuating velocity component, and it is 
estimated in this study as: 





Where 𝜌 is the density of the fluid and 𝑣𝑟𝑚𝑠 is the root mean-squared value of the 
fluctuating velocity component.  
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4.1.5 Turbulence Intensity 
Turbulence Intensity, the ratio between the root-mean-squared value of the 
fluctuating velocity component and the mean velocity quantifies the degree of 
turbulence in the flow and is presented in percentage as: 
𝐼 =  
𝑣𝑟𝑚𝑠
|〈?̅?〉|
×100     (4 − 4) 
Where 𝑣𝑟𝑚𝑠 refers to the root-mean-square of the turbulent fluctuations. |〈?̅?〉| 
refers to the ensemble averaged filtered velocity magnitude over 150 cycles. 
 
4.1.6 Vorticity and Circulation 
Z component Vorticity, the measurement of fluid rotation about the Z axis is defined 
as 𝝎𝑍. 
Circulation, integral of the vorticity within each Z plane within the LV, is approximated 
as: 
𝚪 =  𝝎𝐴𝑣𝑒 ∙ 𝐴𝑃𝑙𝑎𝑛𝑒     (4 − 5) 
Where 𝝎𝐴𝑣𝑒 is the average 𝝎𝑍 value within each plane and 𝐴𝑃𝑙𝑎𝑛𝑒 is the area of the 
measurement plane. 
 
4.1.7 Vorticity Identification 
Jeong and Hussain (1995)(90) have defined a method that detects vortical structures 
within the flow field by separating the rotational component of the velocity gradient 
from the non-rotational one. The vortex structure is defined as the connected volume 
within the flow field where the 2 eigenvalues 𝜆1  and 𝜆2  of tensor 𝑺




Where 𝑺  and Ω are the symmetric and anti-symmetric components of velocity 
gradient ∇v: 
𝑺 =  
1
2
(𝒗𝑖,𝑗 + 𝒗𝑗,𝑖)     (4 − 6) 
Ω =  
1
2
(𝒗𝑖,𝑗 − 𝒗𝑗,𝑖)     (4 − 7) 
Symmetric tensor 𝑺2 + 𝛀2  have real eigenvalues ordered as 𝜆1 > 𝜆2 > 𝜆3 . 𝜆2 <0 is 
therefore set as the criterion at which a vortex structure is defined. 
 
4.1.8 Net Vorticity and Circulation 
Net vorticity is defined as the vorticity within the vortex structure determined by the 
𝜆2 criterion, likewise the net circulation is computed from the regions where 𝜆2<0. 
 
4.1.9 Helicity 
Helicity, the linkage of vortex lines in the flow is computed as: 
𝐻 =  ∫〈?̅?〉 ∙ (∇×〈?̅?〉 )𝑑𝑉     (4 − 8) 
Where 〈?̅?〉 is the ensemble averaged filtered velocity. 
 
4.1.10 PIV derived large-eddy estimation of Sub grid scale (SGS) turbulent 
kinetic energy dissipation 
Due to the limited spatial resolution of finite grid sizes, PIV is unable to capture flow 
field characteristics at the smallest length scale in a turbulent flow where energy 
dissipation takes place. However, prior studies by Sheng et. al. and Lu et. al.(77, 78, 
102) have addressed this limitation with the large eddy approach. They have derived 
the turbulent shear stress dissipation rate from the resolved strain rate tensor 
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obtained from the PIV spatial velocity data, with the use of the Smagorinsky model. 
The underlying assumption of this approach is that energy flux between the resolved 
scale and the sub grid scale is constant and approximately equal to the turbulence 
dissipation rate at the Kolmogorov length scale. 
The ensemble averaged (n=150) velocity flow field obtained from PIV measurements 
was used to estimate the averaged resolved strain rate tensor by the equation: 









>)    (4 − 9) 
Where < 𝑺𝑖𝑗̅̅ ̅̅ > is the ensemble averaged resolved strain rate tensor derived from the 
average velocity gradient over 150 cycles. 
 
The Smagorinsky model(99) allows the SGS stress to be derived from the averaged 
resolved strain rate tensor by:  
< 𝝉𝑖𝑗 >= −2𝐶𝑠
2∆2|?̅?| < 𝑺𝑖𝑗̅̅ ̅̅ >      (4 − 10) 
Where 𝝉𝑖𝑗  is the derived average SGS stress tensor, 𝐶𝑠  = 0.17 is taken to be the 
Smagorinsky constant, ∆2 is the interrogation area and |𝑆̅| =  √2 < 𝑺𝑖𝑗 ><̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑺𝑖𝑗 >̅̅ ̅̅ ̅̅ ̅ . 
Thus, the average turbulent kinetic energy dissipation rate can be approximated as: 
< 𝜀̅ > ≈ < 𝝉𝑖𝑗 >< 𝑺𝑖𝑗̅̅ ̅̅ >      (4 − 11) 
Where <  > denotes ensemble averaging over 150 cycles. 
 
4.1.11 Turbulent Viscous Shear Stress 
According to Li et al.(101), the turbulent viscous shear stress can be derived from the 
dissipation rate as: 
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𝝉𝑣 =  𝜇√𝑺𝑖𝑗̅̅ ̅̅ 𝑺𝑖𝑗̅̅ ̅̅ = √
𝜌𝜇𝜀
2
     (4 − 12) 
Thus, in this study, the turbulent viscous shear stress is approximated as: 
𝝉𝑣 ≈  √
𝜌𝜇 < 𝜀̅ > 
2
     (4 − 13) 
Where 𝝉𝑣 is the turbulent viscous shear stress in N/m
2, 𝜌 and 𝜇 are the density and 
dynamic viscosity of the blood analog respectively and < 𝜀̅ >  is the calculated 
average turbulent kinetic energy dissipation rate. 
 
4.1.12 Kolmogorov Length Scale 
Kolmogorov length scale is the smallest length scale of the turbulent flow at which 
turbulent kinetic energy dissipation occurs and can be estimated as(102): 






     (4 − 14) 
Where 𝜂 is the Kolmogorov length scale(µm), 𝑣 is the kinematic viscosity of the blood 
analog and < 𝜀̅ > is the calculated average turbulent kinetic energy dissipation rate. 
 
4.1.13 Lamb Vector Divergence 
In turbulent flow the Lamb vector and its divergence are commonly utilized to 
describe coherent structures in the flow field(104). The Lamb vector which is defined 
as (𝒍 = 𝝎×𝒗) can be qualified as a “vortex force”(103), a term used to describe the 
Coriolis acceleration(143) observed in a rotating frame of reference acting to impart 
a change in fluid momentum. Furthermore, Prandtl (1918) (144)has established that 
the total force experienced by a body in a steady flow can be computed from the 
volume integral of the Lamb vector within the volume of interest. Recently, Hamman 
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et al.(104) have established that the Lamb vector divergence (𝛻. 𝒍) has the potential 
to define coherent structures within a turbulent flow, which are regions where there 
is a capacity to cause a change in momentum of the fluid. The regions where there 
exist high shear rates exhibit positive 𝛻. 𝒍 values and likewise, negative 𝛻. 𝒍 levels are 
found in locations where there are high vorticity magnitudes. They postulated that 
the energy and momentum transfer associated with turbulent mixing occurs at areas 
in the flow field where closely located positive and negative levels of 𝛻. 𝒍 interact(104). 
This finding is significant to this study as regions with high instability and flow 
fluctuations have been shown to result in damage to red blood cells.  The lamb vector 
divergence was computed from the ensemble average velocity field as(104): 
 𝛻. 𝒍 = 〈?̅?〉. 𝛻×𝝎 − 𝝎. 𝝎     (4 − 15) 
Where 𝑙 is the lamb vector,〈?̅?〉 represents the velocity vector and 𝝎 is the vorticity. 
Thus 𝛻. 𝒍 can be decomposed into 2 terms, 〈?̅?〉. 𝛻×𝝎 as the flexion product and 𝝎. 𝝎 
as the entrophy term. 
 
4.2 The design and development of a D-shaped bi-leaflet bio-prosthesis 
which replicates the physiological left ventricular flow patterns, as a 
foundation for future numerical analysis on patient specific native mitral 
valve dynamics 
 
4.2.1 Heart Valves 
4.2.1.1 St. Jude Medical Epic Valve 
The well-established and clinically approved (145) tri-leaflet Epic Valve is employed in 
this study as a control in order to provide a standard at which the hemodynamic 
performance of the novel bi-leaflet bio-prosthesis can be compared (Figure 4.1). The 
Epic Valve has been shown to have satisfactory hemodynamic performance and 
durability at the 4th year of implantation in a clinical study(145). 
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4.2.1.2 D-shape bi-leaflet bio-prosthesis (GD Valve) 
The D-shaped valve was (Figure 4.1) fabricated from porcine pericardium fixed in 
0.625 percent glutaraldehyde solution(146) over-night and subsequently stored in 
approximately 0.2 percent glutaraldehyde solution at 4 degrees Celsius prior to 
testing.   
The leaflet design was based on dimensions obtained from a study by Wang et. 
al.(147), consisting of one smaller posterior leaflet and a larger anterior leaflet (Figure 
4.1). Upon fixation in glutaraldehyde, the pericardium was sutured onto a D-shaped 




Figure 4.1 Engineering drawing of the bi-leaflet valve (GD valve) with the replica of 
the GD valve prototype. Leaflets were sultured to the stents at the commissures in 
order to provide proper coaptation during ventricular systole.  
 
4.2.2 Experimental Set-up 
4.2.2.1 Left Heart in vitro simulator 
Blood analog of ~40 percent glycerin in water (by volume) is circulated around the 
flow loop consisting of a working chamber, a reservoir and a compliance chamber by 
a pulsatile pump (ViVitro Labs Inc., Victoria, BC) (Figure 4.2). The system is calibrated 
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with parameters summarized in Table 4.1, producing a physiological flow and 
pressure waveform (Figure 4.3, Figure 4.4 and Figure 4.5). The generation of 
physiological trans-mitral flow waveform shown in Figure 4.3 and Figure 4.4, aided by 
a silicon atrium was measured by an ultrasound flow probe (Transonic Systems Inc., 
Ithaca, NY) attached immediately upstream of the mitral position. The flow probe was 
connected to a flow meter (Transonic Systems Inc., Ithaca, NY) calibrated to a 40% 




Figure 4.2 Schematic of experimental set up configured for particle image 























Units Epic Valve GD Valve 
Heart Rate Beats/min 70 70 
Stroke Volume ml/Beat 86 80.1 
Average Flow Rate L/min 4.5-4.7 4.7-5.1 
Peak LV Pressure mmHg 95-107 98-104 
Table 4.1 
Table 4.1 Summary of physiological parameters during PIV. 
 
4.2.2.2 Particle Image Velocimetry (PIV) Set-up 
The flow loop was seeded with orange fluorescent 50-60µm particles with an 
approximate density of 1000 kg/m3 (Cospheric LLC, Santa Barbara, CA). The 
synchronized charge coupled device (CCD) camera (Imager pro X, LaVision, Germany) 
was placed perpendicular to the ~1 mm thick laser sheet emitted by a Nd:YAG laser 
(Nano S PIV, Litron Lasers, UK) (Figure 4.2) which illuminated the mid-plane of the 
ventricle. An interrogation window size (with 6 to 12 particles) of 64 x 64 pixels was 
found suitable to visualize the flow field. The velocity profile was obtained by cross-
correlating a pair of consecutive images separated by a 30 to 50 µs time interval to 
ensure that the average particle displacement was less than 16 pixels. An average 
velocity profile was then obtained from 150 image pairs. The pulsatile pump, laser 
system and high speed camera are connected and synchronized for image acquisition 





4.3 The development of a mitral apparatus inspired mechanical prosthesis, 
with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data 
 
4.3.1 Heart Valves 
4.3.1.1 Biomimetic Mechanical Heart Valve (Bio-MHV) 
The mechanical heart valve consisted of three parts, the anterior leaflet, posterior 
leaflet and the valve frame (Figure 4.6). Each of these parts were rapid prototyped by 
a 3D Objet260 printer (Stratasys, Eden Prairie, MN), before the leaflets were 
assembled onto the frame with a ~1 mm needle functioning as a hinge by which the 






Figure 4.6 Schematic of mechanical heart valve design (Bio-MHV). Valve design 
consists of a D-shaped orifice with directly opposing leaflet configuration 
 
The design philosophy was based on the idea that in vivo physiological flow field could 
potentially be replicated by a prosthesis with geometry that closely matches that of 
the native mitral valve, with Bio-MHV design dimensions obtained from patient 
specific multi-slice computed tomography scans and 3D echocardiography data in a 
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finite element modelling study by Wang et. al(63). The valve consisted of a D shaped 
orifice (Figure 4.7) with the curved edge positioned at the posterior side of the left 
ventricle and the straight portion fixed to the anterior region. The anterior and 
posterior leaflets, hinged at opposing ends, co-apt at the middle of the orifice during 
ventricular systole. The Geometric Orifice area (GOA) is fixed at ~525 mm2 (similar to 
that of the ATS valve) in order to negate the effects of GOA on the flow field, since 




Figure 4.7 Replica of the Bio-MHV valve prototype. 
 
4.3.1.2 ATS Mechanical Valve 
The ATS mechanical valve with its open pivot design, represents a new generation of 
mechanical heart valves which combine durability with improved hemodynamics 
performance(28).  This advancement in valve technology lies in the design of the 
hinges where it was shown that open pivot hinges are less thrombotic(29). A long 
term (15 years) follow up study has shown good safety profile with relatively few valve 
complications(30). Taken together, the ATS valve is considered the gold standard at 
75 
 
which the hemodynamics performance of the Bio-MHV valve design will be 
benchmarked.  
 
4.3.2 Experimental Set-up 
4.3.2.1 Left Heart in vitro simulator 
The left heart in vitro simulator consisted of a pulsatile pump attached to a working 
chamber, a reservoir and a compliance chamber. The silicon atrium positioned 
immediately upstream of the mitral valve and flow probe (Figure 4.8) aided in the 
generation of the physiological trans-mitral flow waveform with two peak flowrates 
(E/A ratio). The trans-mitral flow rate was measured by an ultrasound flow probe 
(Transonic Systems Inc., Ithaca, NY) attached immediately upstream of the mitral 
position and was calibrated to ensure a physiological flow waveform, as shown in 
Figure 4.8. This flow probe was connected to a flow meter (Transonic Systems Inc., 
Ithaca, NY) calibrated to a 40% glycerin-water mixture. The kinematic viscosity of 
blood analog consisted of approximately 40% glycerin-water mixture (by volume) was 
increased/decreased to approximately 3.2 centistoke (Table 4.2) with the further 
addition of glycerin/water to the glycerin mixture. A pulsatile pump (ViVitro Labs Inc., 
Victoria, BC) attached to the working chamber drove the blood analog around the 










Figure 4.8 Schematic of left heart simulator experimental setup configured for 
particle image velocimetry. Arrows denote flow direction. 
 
4.3.2.2 Stereo Particle Image Velocimetry (PIV) Set-up 
The flow loop was seeded with fluorescent red polyethylene microspheres (Cospheric 
LLC, Santa Barbara, CA) with a diameter of 106-125 um and a density of 1.09 g/cc so 
as to improve the image quality by masking out the reflections from the silicon 
ventricle. To minimize inaccuracy, the seeding density was kept at a minimum of 6 
tracer particles per square interrogation window size of 64 x 64 pixels, where 64 pixels 
corresponds to approximately 3.8 mm. Two synchronized charge coupled device (CCD) 
camera (Imager pro X, LaVision, Germany) with orange filter lens (Hoya, Japan) for the 
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recording of image pairs were placed in front of the silicon ventricle, at angle of 
approximately 30 degrees to the perpendicular axis of the acrylic working chamber’s 
front plane (Figure 4.8). This stereo PIV setup comprised of two CCD cameras that 
allow for the measurement of velocity in three dimensions within the plane of interest. 
A Nd:YAG laser (Nano S PIV, Litron Lasers, UK) positioned at the mid-plane of working 
chamber emitted a ~2 mm thick laser sheet parallel to the front plane of the working 
chamber (Figure 4.8).During the three dimensional calibration process, the CCD 
cameras were focused on the LV mid-plane where the calibration plate (LaVision, 
Germany)  was placed. In order to ensure accuracy, it was verified that the dewarped 
marks on the calibration plate differed from their ideal positions by less than 0.3 pixels 
on average. The calibration plate (LaVision, Germany) has two levels of predefined 
planes with white circular markers, which allow for a calibration procedure that 
neither requires the measurement of angles and distances nor the need for a 
displacement of the target, enhancing the accuracy of the out-of-plane velocity 
component obtained during the 3D calibration based reconstruction process. 
 
The instantaneous velocity field was calculated based on the stereo cross-correlation 
between an image pair captured with a time interval of 30 µs. This was done to keep 
the average particle displacement within the time interval to less than 16 pixels. The 
vector field was calculated with iterations of decreasing window size, starting from an 
initial size of 128 x 128 pixels to the final interrogation window of 64 x 64 pixels with 
an overlap of 50 percent. By doing so, spatial resolution and accuracy of the velocity 
field can be enhanced through the implementation of an adaptive interrogation 






Figure 4.9 Schematic of left ventricle model showing the 7 planes of interest 
acquired. 
 
The velocity profile in a total of 7 planes of interest were measured, with each plane 
separated from the other by ~3 mm (Figure 4.9). Each of these 7 planes consisted of 
7 time steps, with each of the time step’s average velocity field calculated from 150 
image pairs (n=150). 
 
The experimental set up (Figure 4.8) was mounted on a movable stage that allowed 
for the forward/backward translation of the working chamber and the silicon ventricle, 
while the position of the cameras and laser head were kept fixed. With this relative 
translational movement between the ventricle and the fixed laser sheet, all 7 
measurement planes were then captured without recalibrating and adjustments to 





4.4 An in vitro analysis of the mitral anterior leaflet’s sole effect on the left 
ventricular vortex formation within an idealized silicon phantom, initializing 
a preliminary insight into its potential role in velocity fluctuation suppression, 
and thus serve as a basis upon which subsequent computational 
hemodynamic studies can be validated 
 
4.4.1 Heart Valves 
4.4.1.1 Unus II Valve 
The Unus II design consist of a single curved leaflet hinged via a ~1 mm needle at the 
anterior edge of the D-Shaped orifice. Its entire structure which comprises of the 
leaflet and the frame was fabricated by a 3D Objet260 printer (Stratasys, Eden Prairie, 
Mn) and subsequently adhered onto the experimental setup with epoxy after 












Figure 4.11 Schematic of the Unus II valve. 
 
With the aim of testing the hypothesis that the incorporation of an anterior leaflet 
structure can result in lower flow instability by the formation of an asymmetric vortex, 
the design (Figure 4.11) was comprised of a single curved leaflet hinged at the anterior 
edge of a D shaped orifice, with the orifice’s geometry derived from patient specific 
geometrical data obtained in a study by Wang et al.(63) (Figure 4.12). The leaflet’s 
curvature ensured that its trailing edge was approximately parallel to the direction of 
the filling jet resulting in a reduction in the angle of attack (AOA), with the aim of 
delaying flow separation downstream of the valve (Figure 4.11). This mimics the 
physiological condition, where the trailing edges of the native leaflets are closely 
aligned to the incoming jet, being constrained by the attachments of the chordae 
tendinae. It can be postulated that this design feature will result in a reduction of flow 






Figure 4.12 Engineering Drawing of the Unus II valve. All dimensions in mm. 
 
4.4.1.2 Medtronic Hancock II Mitral Bio-prosthesis 
The Hancock series (Medtronic, Minneapolis) is a well-established tri-leaflet design 
first clinically introduced in 1982(148). The Hancock II represents the latest generation 
of this legacy design. Being engineered to build upon and further enhance its 
reliability(130), it has been proven to be one of the common choices among patients 
opting for a bio-prosthesis replacement at the aortic position(149). Prior clinical 
studies have shown the valve to have an adequate hemodynamic performance, with 
proven long term durability(148) and satisfactory treatment results(149, 150). Hence, 
the clinically available Hancock II was employed in this study as a benchmark at which 







4.4.2 Experimental Set-up 
4.4.2.1 Left Heart Circulatory In Vitro Model 
A Left Heart circulatory in vitro model was designed to replicate the physiological 
pressure (Figure 4.13) and flow waveforms within a silicon left ventricular model. It 
comprised of an acrylic working chamber connected to a pulsatile pump, a reservoir 
and a compliance chamber. Situated within the working chamber was the left 
ventricular silicon phantom actuated by a pulsatile pump (ViVitro Labs Inc., Victoria, 
BC), the resulting ventricular pumping motion circulated the blood analog consisting 
of approximately 40% glycerin-water mixture (by volume) out of the left ventricle 
during systole (Figure 4.14). Prior to experiments, further introduction of 
glycerin/water to the glycerin mixture was done in order to adjust its kinematic 
viscosity to ~3.2 centistoke. The replication of the physiological trans-mitral flow 
waveform with two peak flow rates (E/A ratio) required an addition of a silicon atrium 
located upstream of the mitral valve position. Furthermore, an ultrasound flow probe 
(Transonic Systems Inc., Ithaca, NY) downstream of the atrium measured the required 
flow waveforms, as shown in Figure 4.15. The flow probe and the flow meter 
(Transonic Systems Inc., Ithaca, NY) it was connected to, was calibrated to a 40% 



















Figure 4.15 A sample of the flow waveform measured during PIV experiments. 
Roman numerals denote the various time steps throughout the cardiac cycle. 
 
4.4.2.2 2D-3C Particle Image Velocimetry (PIV) Set-up 
4.4.2.2.1 Calibration 
Three-dimensional calibration was performed prior to every experiment, utilizing a 
standard calibration target (LaVision, Germany) of two known levels with white 
circular dots. The calibration target was positioned at the working chamber’s mid-
plane. Two synchronized charged coupled device (CCD) cameras (Imager pro X, 
LaVision, Germany) with orange filter lens (Hoya, Japan) were adjusted to ensure that 
the calibration target was in focus. In order for 3C velocity vectors to be captured, the 
CCD cameras were placed ~94 cm apart from each other and facing the calibration 
target at an angle of ~30 degrees with respect to the mid-plane bisecting the 
triangular stereo PIV setup. The reliability of all subsequent 3C vector reconstruction 
was facilitated by the verification that the discrepancy of the dewraped calibration 




4.4.2.2.2 Image Acquisition  
The seeding of the flow loop with fluorescent red polyethylene microspheres 
(Cospheric LLC, Santa Barbara, CA) with a diameter of 106-125 um and a density of 
1.09 g/cc, enhanced the contrast of the image pairs acquired, as unwanted reflections 
were minimized. Furthermore, effort was made to verify that at least 6 tracer particles 
were present within each square 64 x 64 pixel interrogation window of approximately 
4.2 mm in length. Illumination of the tracer particles was provided by a ~2 mm thick 
laser sheet produced from a Nd:YAG laser (Nano S PIV, Litron Lasers, UK) at mid-plane 
of the working chamber along the direction parallel to its front surface. The flow fields 
of 2 planes separated by distance of ~6 mm was measured without the need for a 
recalibration process as the entire flow loop was secured onto a translating platform 
(Figure 4.16). The platform enabled the whole experimental setup to be displaced 
back and forth, all while keeping the cameras and laser head at their fixed positions. 
Each plane consisted of the ensemble averaged velocity over 7 time steps (I to VII) 




Figure 4.16 Schematic of silicon ventricle illustrating the relative locations of the 
measurement planes. Each measurement plane was positioned 3mm from the 




4.4.2.2.3 Vector computation and Post-processing 
The computation of each instantaneous velocity flow field involved the stereo cross-
correlation of an image pair with a time difference of 30 µs between them, so that the 
movement of the tracer particles within an interrogation window was kept to a 
distance of less than ~1 mm. Multi pass iterations from an initial window size of 128 
x 128 pixels to a final window size of 64 x 64 pixels was performed with 50% overlap, 
improving the resolution of vector field. 
 
4.4 An investigation into the hemodynamic effects of mitral orifice geometry 
and position on subsequent left ventricular vortex formation and turbulence 
intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space 
 
4.4.1 Mitral orifice configurations 
The four different orifice configurations that were utilized in this study were 
fabricated by an Objet260 3D printer (Stratasys, Eden Prairie, MN) prior to installation 
into the flow loop at the mitral position via the adhesion of epoxy. With this procedure, 
experimental testing was easily carried out with the various orifices while keeping the 
rest of the components unchanged. All four orifice configurations had an equal 
geometric orifice area (GOA) of ~491 mm2. The D shaped orifices (Physiological D and 
Control D) have similar orifice dimensions (Figure 4.17) with an anterior-posterior 
diameter (h) of ~20 mm and an inter-commissural diameter (w) of ~28 mm (Table 4.3). 
The orifices only differed in terms of the off-set distance (p), defined as the distance 
between the geometrical center of the orifice and the point on the circular base 
closest to the posterior wall of the ventricle (Figure 4.18). The Physiological D orifice 
configuration had a smaller off-set distance (p) of ~14 mm (Table 4.3) as compared to 
that of the Control D configuration (p= 20 mm). Likewise, in the case of the circular 
set of orifices (Circular off-centered and Circular centered), both had similar 
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diameters (d= 20 mm), only differing in terms of their off-set distance (p). The Circular 
off-centered configuration had an off-set distance (p) of ~16.5 mm, whereas the 
Circular centered orifice’s off-set distance was kept at p = 20 mm (equivalent to 




Figure 4.17 Engineering drawing of the D shaped and circular orifices utilized in this 
study.  Where h = anterior-posterior diameter of the D orifice, w = inter-commissural 
diameter, d = to the diameter of the circular orifice and p= the off-set distance 
between the geometric center of the orifice and the point on the circular base closest 




Figure 4.18 Schematic illustrating the four different orifice configurations and the 
relative off-set distance of their geometric center to the posterior wall of the left 
ventricle.  This distance can be estimated by p, which is the span between the 
geometric center of the orifice and the point on the base which is closest to the 




4.4.2 In vitro physiological flow loop circulatory set up 
A previously designed flow loop which mimics the left ventricular flow and pressure 
environs in a native healthy heart as described in a prior study by GDS Tan et al.(60) 
was utilized in this study. A pulsatile pump (ViVitro Labs Inc., Victoria, BC) was 
employed to propel the blood analog with properties that are described in Table 5.4 
through the loop. The left ventricular flow and pressure waveforms measured by an 
ultrasound probe calibrated to 40% glycerin at 23 degrees Celsius (Transonic Systems 
Inc., Ithaca, NY) and pressure catheter (Millar, Houston Texas) respectively are 
detailed in Figure 4.19 and Figure 4.20. Furthermore, an additional chamber which 
housed a ATS mechanical valve (Medtronic, Minneapolis, MN) was installed 
immediately downstream of the atrium with the intended function of maintaining 




Figure 4.19 A single sample of flow waveform observed during each of the four 
orifice experiments in 1 cardiac cycle. Roman numerals mark the approximate 





Figure 4.20 A single sample of pressure waveform observed during each of the four 




Table 4.3 Dimensions describing the various geometrical configurations of the 
orifices. Where h = anterior-posterior diameter of the D orifice, w = inter-
commissural diameter, d = to the diameter of the circular orifice and p= the 
displacement between the geometric center of the orifice and the point on the 








4.4.3 Stereo Particle Image Velocimetry (PIV)  
 
4.4.3.1 Calibration Protocol 
Prior to each experiment, the prescribed standard LaVision (LaVision, Germany) 
calibration procedure was initiated involving a two-planed calibration plate placed at 
the middle of the working chamber, where a pair of high speed cameras (Imager pro 
X, LaVision, Germany) equipped with orange filter lens (Hoya, Japan) were focused. 
Further minute adjustments were made in order that the captured images of all the 
white dots present on the calibration target were sharp and distinct. The two cameras 
on either side of the working chamber was positioned in such a way that they are face 
the calibration plate at an angle of approximately 30 degrees to the middle plane that 
bisects the triangular stereo PIV set up consisting of the two cameras and the 
calibration plate. The deviation in the actual position of the white markers from their 
idealized locations was kept to less than 0.3 pixels in order to ensure the accuracy of 
the 3rd vector component reconstruction.  
 
4.4.3.2 Image Acquisition 
Prior to image acquisition, the flow loop was seeded with 90-106 um red fluorescent 
polyethylene (Cospheric LLC, Santa Barbara, CA) up to a point where each 
interrogation square widow of 64 X 64 pixels of length ~4 mm contained no less than 
6 tracer particles with a density of 1.09 g/cc. A laser sheet generated from a Nd:YAG 
laser (Nano S PIV, Litron Lasers, UK) of ~2 mm thick and parallel to the front surface 
of the working chamber was positioned near its mid-plane. The velocity flow field was 
measured at two parallel planes spaced at ~6 mm apart from each other (Figure 4.22), 
by shifting the entire experimental setup back and forth with the use of a translating 
stage, while keeping the positions of the cameras and the laser head fixed. 
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2.3.2 Flow field vector calculation  
The displacement of each tracer particle within the interrogation window was limited 
to a span of less than ~1 mm as the time interval between the pair of images was set 
at 50 µs. The 3-dimensional planar velocity flow field was computed utilizing stereo 
cross-correlation with multi-pass iterations, beginning with a window of 128 X 128 













Figure 4.22 Illustration depicting the silicon ventricle and the two planes of 














































Chapter V presents the findings obtained from the various experimental studies 
pertaining to all four specific aims listed in Chapter III. The results derived are listed in 
the following sequence: 
 
Specific Aim I: The design and development of a D-shaped bi-leaflet bio-prosthesis 
which replicates the physiological left ventricular flow patterns, as a foundation for 
future numerical analysis on patient specific native mitral valve dynamics. 
This segment compares the left ventricular hemodynamics between the D-shaped Bi-
leaflet Bio-prosthesis with the St. Jude Medical Epic valve in terms of: 
• Left ventricular velocity fields 
• Mean Kinetic Energy 
• Vorticity and Circulation 
• Reynolds Shear Stress (RSS), Turbulent Kinetic Energy (TKE) and Turbulence 
Intensity (TI) 
 
Specific Aim II: The development of a mitral apparatus inspired mechanical 
prosthesis, with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data. 
This section examines the differences in left ventricular flow patterns between the 
newly developed biomimetic mechanical prosthesis and the clinically available ATS 
valve with respect to: 
• Left Ventricular Velocity Flow Fields  
• Vorticity and Circulation  





Specific Aim III: An in vitro analysis of the mitral anterior leaflet’s sole effect on the 
left ventricular vortex formation within an idealized silicon phantom, initializing a 
preliminary insight into its potential role in velocity fluctuation suppression, and 
thus serve as a basis upon which subsequent computational hemodynamic studies 
can be validated.   
This portion of the chapter illustrates the effect of the anterior leaflet structure in the 
downstream hemodynamic environment in contrast to that of a Hancock II valve in 
relation to: 
• Left Ventricular Flow Patterns 
• Left ventricular coherent structures (CS) 
• Turbulence Intensity (TI) and the Kolmogorov length scale (KLS) 
 
Specific Aim IV: An investigation into the hemodynamic effects of mitral orifice 
geometry and position on subsequent left ventricular vortex formation and 
turbulence intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space. 
This part of the chapter investigates the hemodynamic effects of orifice geometry and 
orifice position in relation to: 
• Vortex formation and its associated circulation in the left ventricle 
• Left ventricular Turbulence intensity, the Kolmogorov length scale and the 
turbulent viscous shear stress 
 
5.1 The design and development of a D-Shaped Bi-leaflet Bio-prosthesis 
which replicates physiological left ventricular flow patterns, as a foundation 
for future numerical analysis on patient specific native mitral valve dynamics 
This section analyzed the hemodynamics performance of both the St. Jude Epic valve 
and the D-shaped bi-leaflet valve. The valves were evaluated based on traditional 
hemodynamic parameters such as Reynolds Shear Stress (RSS), Turbulent Kinetic 
Energy (TKE) and Mean Kinetic Energy (MKE).  In addition, the vortex formation in the 
LV downstream of each valve and its resulting circulation was analyzed and compared. 
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5.1.1 Left ventricular velocity fields 
The side-by-side comparison of velocity vectors downstream for both Epic and GD 
valves for time steps I to VII of the cardiac cycle are shown in Figure 5.1 and Figure 
5.2. At time step I, the flow accelerated pass the mitral valve as the left ventricle began 
to relax during diastole. Unlike that of the Epic valve where the flow was directed 
downwards towards the apex, the streamlines distal to the GD valve tended towards 
the left ventricular outflow track (LVOT). At the height of the E wave (Figure 4.3 and 
Figure 4.4), the peak velocity of both the Epic and GD valves was observed at 1.42 m/s 
and 0.96 m/s, respectively (time step II). In both cases, vortex structures were formed 
in the LV due to adverse pressure gradients as the high velocity jets entered the lower 
flow region in the LV. Time Steps III, IV and V represent the pause between the initial 
E wave entry jet and the subsequent secondary jet due to left atrial contraction (A 
wave). It was during these 3 time steps (III, IV, V) that the streamlines of the two valves 
began to differ; at time step III of the GD valve, the vortex core was observed at the 
center of the ventricle and remained at the same location throughout all three time 
steps. This large centralize vortex can be seen redirecting the incoming fluid around 
the apex and towards the LVOT. However, in Epic valve, it was observed that the 
vortex core located near the LVOT migrated down towards the apex at time steps IV 
and V which then became elongated near the apex and subsequently directed the LV 





Figure 5.1 Velocity field [ms-1] of the Epic valve in the left ventricle over 7 time steps 





Figure 5.2 Velocity field [ms-1] of the GD bileaflet valve in the left ventricle over 7 





5.1.2 Mean Kinetic Energy 
Both valves exhibited high levels of MKE at the peak of the E and A waves at time 
steps II and VI (Figure 5.3 and Figure 5.4). The incoming jet from the Epic valve was 
seen to be larger (~26 mm wide) and more centralized than that of the GD valve which 
was narrower (~17 mm wide) and flowed along the contour of the posterior 
ventricular wall. Unlike the Epic valve, the MKE contours of the D-shaped valve 
suggested that more kinetic energy of the trans-mitral jet, observed at the apex of the 
LV, was conserved before the flow rotated towards the LVOT. These flow 
characteristics was similarly observed at time steps IV, V and VII for the GD valve. 
Furthermore, the GD valve displayed a greater MKE of approximately 60  J/m3 near 
the LVOT region at time step VII (Figure 5.4).  
 
The average MKE was computed by taking the spatial averaging of the MKE in the mid-
plane area of the LV and plotted over the 7 time steps in the cardiac cycle (Figure 5.5). 
In the case of the Epic valve, the MKE within the LV peaks at the maximum of 147 J/m3, 
higher than that of the D-shaped GD valve at 96 J/m3 (Time step II). However, after 
the peak flow at time step II, MKE values for the Epic valve throughout the rest of the 





Figure 5.3 MKE [Jm-3] contour plot of the Epic valve in the left ventricle over 7 time 







Figure 5.4 MKE [Jm-3] contour plot of the GD valve in the left ventricle over 7 time 





Figure 5.5 A comparison of the average MKE [Jm-3] values in the left ventricle 
between EV and GD valves over 7 time points in 1 cardiac cycle. Poly--- refers to 
fitted values by polyline. 
 
5.1.3 Vorticity and Circulation 
Left ventricular vortex structures for both cases were identified via the λ2 criterion 
with the aim of isolating the rotational components of the vortex. Figure 5.6 and 
Figure 5.7 show the development of vortex structures for both valves over 1 cardiac 
cycle over 7 time steps. At peak flow (E wave) for the case of the D-shaped GD valve, 
a pair of counter-rotating vortices were observed at the wake of the incoming jet at 
time step II (Figure 5.7), whereas only a single clockwise vortex core was observed 
downstream of the Epic valve. At this stage, the trans-mitral jet of the Epic valve led 
to higher overall circulation of magnitude ~1.92E-2 m2s-1 compared to the GD valve (~-
2.39E-3 mm2s-1) (Figure 5.8). It was observed in the GD valve that the overall LV 
circulation was negative (clockwise) for time steps II to VII as the clockwise vortex 
structure was seen to be larger than that of the counterclockwise one. The net 
vorticity contours of the GD valve showed a large circular region of negative vorticity 
at the center of the LV throughout the cardiac cycle after the initial filling jet. This area 
of negative vorticity reached a maximum size of approximately 30 mm x 40 mm, 
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covering nearly the entire LV especially during the time steps IV and V, corresponding 
to the time interval between the initial E wave and the A wave. In contrast, the 
negative vortex regions found in the LV with the Epic valve were irregular and was 
typically observed to moved towards the apex after trans-mitral jet entered the LV at 
both peak flows (E wave and A wave). Furthermore, it is observed that the averaged 
normalized LV vorticity at time steps III to VII is found to have a greater magnitude in 
the case of the bileaflet GD valve as compared to the Epic valve (Figure 5.9). 
 
Clockwise circulation is vital as it diverts the incoming filling jet around the apex and 
towards the LVOT and aorta(52). Total clockwise circulation and vorticity for each time 
point was computed for both valves over one cardiac cycle (Figure 5.10 and Figure 
5.11). The Epic valve’s clockwise circulation peaks at time step II (1.92E-2 m2s-1) where 
the filling jet entered the LV, and then declined over time to a minimal level of 4.39E-
3 m2s-1 before rising slightly at time step VII (Figure 5.11). Unlike the significant decline 
observed in the Epic valve, the clockwise circulation observed in the D-shaped GD 
valve increased exponentially reaching a peak of 1.55E-2 m2s-1 (Time step III) before 
plateauing at approximately ~1.5E-2 m2s-1 at time steps IV, V and VII, except at the A 
wave where the circulation drops to ~8.31E-3 m2s-1. In addition, after the initial filling 
jet (E wave), the overall circulation in the LV for the GD valve was more negative than 
that seen in the Epic valve (Figure 5.8), indicating that in spite of the presence of a 
positive vortex core (Figure 5.7), the swirl of the streamlines was still strongly directed 





Figure 5.6 Net vorticity [s-1] contour plot of the Epic valve in the left ventricle over 7 







Figure 5.7 Net vorticity [s-1] contour plot of the bileaflet GD valve in the left ventricle 






Figure 5.8 Total circulation in the left ventricle for both valves over 7 time steps in 1 




Figure 5.9 Normalized vorticity in the left ventricle for both valves over 7 time steps 





Figure 5.10 Clockwise vorticity in the left ventricle for both valves over 7 time steps in 




Figure 5.11 Clockwise circulation in the left ventricle for both valves over 7 time steps 





5.1.4 Reynolds Shear Stress (RSS), Turbulent Kinetic Energy (TKE) and 
Turbulence Intensity (TI) 
The maximum RSS level produced by both valves were ~60 Pa at time step II (Figure 
5.12 and Figure 5.13) which is lower than the reported threshold level of 400 Pa for 
hemolysis to occur(151). The maximum TKE for both Epic and GD valves occurred at 
time step II (Figure 5.14 and Figure 5.15), where the flow was turbulent with a peak 
value of 112 J/m3 and 62 J/m3 respectively. 
 
Although the maximum RSS values for both valves were not significantly different, the 
TKE values computed for the Epic valve was 1.8 times greater than that of the D-
shaped valve. Furthermore, the turbulence intensity of the case of the Epic valve was 
higher than that of the D-shaped GD valve at every time step in the cardiac cycle, 
especially at time steps IV to VII (Figure 5.16). The peak turbulent intensity for the Epic 
valve occurred at time step VI (151 percent) where the second filling jet entered the 





Figure 5.12 RSS [Pa] contour plot of the Epic valve in the left ventricle over 7 time 





Figure 5.13 RSS [Pa] contour plot of the bileaflet GD valve in the left ventricle over 7 






Figure 5.14 TKE [m2s-2] contour plot of the Epic valve in the left ventricle over 7 time 





Figure 5.15 TKE [m2s-2] contour plot of the bileaflet GD valve in the left ventricle over 







Figure 5.16 Left ventricular turbulence intensity for both valves over 7 time steps in 1 
cardiac cycle. Poly--- refers to fitted values by polyline. 
 
5.2 The development of a mitral apparatus inspired mechanical prosthesis, 
with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data 
 
5.2.1 Left Ventricular Velocity Flow Fields 
The velocity flow fields downstream for both the ATS and Bio-MHV valves at the mid-
plane (time steps I – VII) are shown in Figure 5.17 and Figure 5.18 respectively. At early 
diastole (time step I), the incoming flow entering left ventricle was observed to appear 
downstream of both valves with a velocity magnitude of ~0.25 m/s. At peak flow (time 
step II), the peak velocity for both Bio-MHV and ATS was found to be ~0.52 m/s and 
~0.59 m/s, respectively, where a jet of ~20 mm in width was observed directed 
towards the apex of the left ventricle downstream of the Bio-MHV valve (Figure 5.18). 
In contrast, the ATS valve produced 2 distinct jets, both ~10 mm in width, and 
separated by a region of lower flow (~0.4 m/s) between them. The jet on the anterior 
side of the ventricle was directed towards the left ventricular outflow track (LVOT), 
whereas due to the “Coanda effect” the opposing jet attached itself close to the 





Figure 5.17 Mid-Plane ATS velocity vector plot over 7 time steps in 1 cardiac 






Figure 5.18 Mid-Plane Bio-MHV velocity vector plot over 7 time steps in 1 





During the decelerating flow at time step III (Figure 5.17), one of the jet of the ATS 
valve dissipated (posterior jet) to a velocity of ~0.3 m/s, with the remaining anterior 
jet increased to a peak velocity magnitude of ~0.66 m/s, swirling in a clockwise motion 
toward the LVOT region. In contrast, the single decelerating Bio-MHV jet directed 
toward the ventricle apex created a clockwise vortical structure at the center of the 
LV and persisted throughout the remainder of the cardiac cycle (time step III to VII). 
This central clockwise vortex was observed to redirect the incoming flow (A Wave) 
smoothly pass the apex towards the LVOT.  However, in the case of the ATS valve, an 
anti-clockwise vortex was first detected near apex at time step IV as a result of the 
decelerating flow (time step III). This particular vortical structure persisted throughout 
the remaining time steps of the cardiac cycle (time step IV to VII), causing the flow 
field to swirl toward the flow entering the LV away from the LVOT.  
 
5.2.2 Vorticity and Circulation  
Figure 5.19 and Figure 5.20 illustrates the vortical structure formation identified by λ2 
criterion over 7 time steps in 1 cardiac cycle for both the ATS and Bio-MHV valves. At 
peak (time step II) flow, the incoming jet created a counter-rotating vortex pair when 
the boundary layer separation at the leaflet trailing edge lead to shear roll-up and 
subsequent left ventricular vortex formation.  In the case of the Bio-MHV valve, a pair 
of counter-rotating vortices (Figure 5.20) were present at the immediate downstream 
of the valve with the clockwise core and the anti-clockwise core located near the 
center of the LV and the posterior wall respectively. In contrast, there was 2 pairs of 
counter-rotating vortices present downstream of the ATS valve (Figure 5.19), formed 
by the 2 separate distinct jets entering the LV at different directions. One of the ATS 
vortex was located near the posterior wall of the LV while the other was close to the 





Figure 5.19 ATS iso-surfaces net vorticity magnitude plot over 7 time steps in 
1 cardiac cycle. The iso-surfaces shown consist of the net vorticity at the various 






Figure 5.20 Bio-MHV iso-surfaces net vorticity magnitude plot over 7 time 
steps in 1 cardiac cycle. The iso-surfaces shown consist of the net vorticity at the 
various contour group levels and masked in the regions of the LV flow field where 





At time step III, the clockwise vortex tube downstream of the Bio-MHV valve increased 
in size as vorticity underwent viscous dissipation away from the vortex core into the 
rest of the LV. This large central clockwise vortex of diameter ~18 mm was observed 
to persist throughout the rest of the cardiac cycle (time step III to VII), although its 
vorticity strength decreased from its initial peak of -80 s-1 due to subsequent viscous 
dissipation (Figure 5.20). The smaller anti-clockwise vortex tube generated in time 
step II by the rolling up of the shear layer at the posterior leaflet, was transported 
further down towards the apex by the bulk incoming flow (time step III), and 
eventually decayed into the inertial subrange from interactions with the posterior wall 
of the LV (time step IV to VII). The existence of the large clockwise vortex and the 
decay of the anticlockwise vortex in the LV can accounted for the stable average LV 
vorticity of approximately -50 s-1 and an average circulation of approximately -0.1 m2s-









Figure 5.21 A comparison of the average normalized vorticity in the left 
ventricle between ATS and Bio-MHV over 7 time points in 1 cardiac cycle. Vorticity [s-
1] 
 
In comparison, the vortex formation downstream of the ATS valve (time step III) 
consisted of the 2 existing pairs of counter-rotating vortices generated by the 
incoming jets during time step II. However, at time step IV (mid-diastolic diastasis) 
where the velocity magnitude of the filling jet was at its lowest, both of the clockwise 
vortices decayed to the inertial subrange, leaving behind two separate anti-clockwise 
vortices, with one located at the center of the LV and the other near the apex (Figure 
5.19) where it remained there throughout the rest of the cycle (time step IV to VII).  
These two separate anti-clockwise vortices accounted for the low average vorticity 
magnitude and circulation levels of less than ~10 s-1 and ~0.02 m2s-1 respectively 
(Figure 5.21 and Figure 5.22) during time steps I to III, and an overall positive 






Figure 5.22 A comparison of the total circulation in the left ventricle between 
ATS and Bio-MHV over 7 time points in 1 cardiac cycle. Total Circulation [m2s-1] 
 
5.2.3 Turbulence Intensity, Turbulent Viscous Stress and Kolmogorov Length 
Scale 
The turbulence intensity of a flow is a measure of extend of its fluctuating velocity 
profile defined by Reynolds decomposition in relation to the computed mean velocity. 
The fluctuating velocity component affects the extent of Reynolds shear stress 
experienced by blood platelets and the turbulent kinetic energy being generated and 
dissipated in the system. However, since the bulk flow rate between the two valves 
are not the same, it would be more appropriate to compare them in terms of 
turbulence intensity (Figure 5.23 and Figure 5.24), where the fluctuating velocity 
component was normalized to the mean flow. The average turbulent intensity (TI) 
within the LV for the case of the ATS valve remained above 30 percent throughout the 
cycle except during the peak flow at time step II where the TI was at its lowest (~24 
percent). In contrast, the TI computed for the Bio-MHV valve was detected to be lower 
than 30 percent throughout the cycle except during the decelerating flow at time step 
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III, where the TI was at its maximum of 30 percent (Figure 5.25). Prior studies have 
suggested that Turbulent viscous shear stress (TVSS) and the Kolmogorov Length Scale 
(KLS) are factors that are closely related to blood platelet activation and red blood cell 
(RBC) hemolysis(77, 102). Furthermore, TVSS and KLS are related, in which a higher 
TVSS valve typically corresponds to a smaller KLS, resulting in greater damage to the 
RBCs. The greatest maximum TVSS level and corresponding smallest KLS value of ~12 
Nm-2 and ~26 µm of were found to be present downstream of the ATS valve at time 












Figure 5.24 Bio-MHV isosurface Turbulence Intensity magnitude plot over 7 time 






Figure 5.25 A comparison of the average Turbulence Intensity in the left ventricle 




Table 5.1 Minimum Kolmogorov length scale and maximum turbulent 












5.3 An in vitro analysis of the mitral anterior leaflet’s sole effect on the left 
ventricular vortex formation within an idealized silicon phantom, initializing 
a preliminary insight into its potential role in velocity fluctuation suppression, 
and thus serve as a basis upon which subsequent computational 
hemodynamic studies can be validated.   
 
5.3.1 Left Ventricular Flow Patterns 
Figure 5.26 and Figure 5.27 illustrates the Left ventricular (LV) velocity profiles of both 
the Hancock II and Unus II valves respectively at 7 time steps within the cardiac cycle. 
The initial accelerating jet entered the LV at the first instance during early diastole 
(time step I). In the case of the Hancock II (Figure 5.26), the incoming jet of 
approximately 12 mm in width was observed to have a peak velocity magnitude of 
~1.3 ms-1 as it emerged downstream of the valve. It was then enlarged to a width of 
~20 mm with a maximum inlet velocity of ~1.5 ms-1 during the peak flow of the E wave 
(time step II). On the other hand, the Unus II ‘s filling jet at peak flow (time step II) of 
width ~17 mm, had a significantly lower maximum velocity magnitude of ~0.7 ms-1. 
Furthermore, in comparison to that of the Hancock II, the entry jet emerged from the 
Unus II was markedly closer to the posterior LV wall (Figure 5.27).  
 
The incoming flow decelerated during time step III, where the jet downstream of the 
Hancock II decreased in both maximum velocity magnitude and width to ~1.1 ms-1 and 
~7 mm respectively. This is in contrast to the Unus II, where the jet accelerated to a 
maximum of ~1 ms-1 in the direction towards the apex. In addition, it was observed 
that the velocity of the fluid near the anterior wall had increased to ~0.3 ms-1 towards 
the left ventricular outflow track (LVOT). Mid-diastolic diastasis occurred at time step 
IV where the flow was at its lowest, between the passive and active filling of the LV. 
It was here that the flow field of both valves started to differ noticeability. For the 
Unus II, flow was seen to be directed towards the LVOT at all remaining time steps (IV, 
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V, VI and VII), unlike the velocity profile of Hancock II where the bulk of the flow was 
mainly directed away from the LVOT towards the apex. In addition, in the case of 
Hancock II, the jet at time steps VI and VII was displaced further away from the 








Figure 5.26 Left ventricular velocity vector plot over the 7 time steps in 1 cardiac 






Figure 5.27 Left ventricular velocity vector plot over the 7 time steps in 1 cardiac 





5.3.2 Left ventricular coherent structures (CS) 
Within a chaotic turbulent flow field, there exist coherent structures that can be 
detected by the localized concentration of vorticity and helicity that they possess(90, 
92). The vortices identified by the λ2 criterion(90) and the corresponding regions of 
significant helicity the in 7 time steps throughout cardiac cycle are shown in Figure 
5.28 to Figure 5.34 for both the Unus II and Hancock II. At the peak flow (Figure 5.29), 
the high velocity filling jets through both valves created a pair of counter rotating 
highly helical vortices immediately downstream as boundary layer separation 
occurred at the trailing edges of the leaflets. In contrast to the Hancock II where the 
centralized jet produced 3 distinct clockwise vortices (1 immediately downstream of 
the valve and 2 of them near the anterior wall of the LV), the vortex formation of the 
Unus II consisted of a single pair of counter-rotating vortices, with the larger centrally 
located clockwise vortex (blue) having a maximum strength of ~199 s-1 at its trailing 
wake and a smaller anti-clockwise vortex (red) with a maximal of ~147 s-1 displaced 
towards the posterior LV wall.  
 
At time step III of the Unus II (Figure 5.30), the larger clockwise vortex grew in size 
and strength due to the influx of kinetic energy and circulation from the trailing wake 
with a maximal vorticity of ~-364 s-1 located immediately upstream. Vortex pinch off 
was not observed to occur yet since the developing vortex (blue) was still connected 
to its trailing wake. In addition, the vortical structure was highly helical in nature, 
reaching the maximum average helicity of ~-8 ms-1 at this point in the cardiac cycle 
(Figure 5.35). Subsequently, this clockwise vortex was observed to diffuse outwards 
to a point where it occupies nearly the entire LV at time step IV (Figure 5.31) before 
viscous dissipation caused it to decrease in size with multiple eddies present near the 
apex of an average vorticity of ~-12 s-1 at time step V (Figure 5.32). In the following 
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time steps (Figure 5.33 and Figure 5.34), the filling jet at the A wave was observed to 
inject additional negative vorticity into the LV (Figure 5.33), having a maximum 
vorticity value of -159 s-1 at its core. In contrast, the centralized filling jet of the 
Hancock II (Figure 5.26) resulted in production of a symmetric pair of counter rotating 
vortices of relatively similar in size at the peak flow of the E and A wave as the jet 
entered the left ventricle under an adverse pressure gradient (time steps II and VI) 
(Figure 5.29 and Figure 5.33). Furthermore, unlike that seen in the Unus II, the 
clockwise vortex (blue) downstream of the Hancock II was observed to decrease in 
size and circulation in the subsequent time steps (III and VII) (Figure 5.30 and Figure 
5.34) following its initial peak at time steps II and VI, from a maximal value of ~-270 s-












Figure 5.28 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 





Figure 5.29 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






Figure 5.30 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






Figure 5.31 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






Figure 5.32 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






Figure 5.33 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






Figure 5.34 Schematic of the relative positions of the Hancock II and Unus II valves in 
relation to the left ventricle (left). Areas of interest are denoted by dotted lines. The 
iso-surfaces plots of lamb vector divergence, turbulence intensity, vorticity and 
helicity of both Hancock II (top) and Unus II (bottom) at each time step are shown. 
Arrows denote the regions in the flow field that illustrates the significant correlation 






5.3.3 Turbulence Intensity (TI) and the Kolmogorov length scale (KLS) 
Turbulence intensity, a ratio between the fluctuating velocity component and the 
ensemble averaged velocity, is an appropriate indicator of flow instability in this study, 
since the normalization of the fluctuating velocity component to the mean allows for 
the comparison of unsteadiness between the flow fields downstream of the valves. 
Figure 5.36 illustrates the average TI levels in the LV within the cardiac cycle over 7 
time steps. The average IT levels in the LV were found to be higher in the case of the 
Hancock II at all the time steps with the greatest difference of ~14% occurring at time 
step II. In addition, the Hancock II produced TI levels excess of 25% at all time steps 
with the exception of time step I, whereas other than time step IV, the TI values 
detected downstream of the Unus II were all below 25%. Nevertheless, both valves 
showed maximum TI levels at mid-diastole (time step IV) where the mitral flow rate 
was at its lowest (Figure 5.36).  
 
The Kolmogorov length scale represents the smallest scale eddy structures in a 
turbulent flow field, whose spatial location corresponds to the areas where turbulent 
viscous dissipation predominately occurs, according to the energy cascade theory. 
The estimated minimum KLS for the Hancock II and Unus II were 9 and 10 μm, with 
their maximum corresponding turbulent viscous stress of ~93 and ~80 Nm-2 
respectively (Table 5.3). Figure 5.37 and Figure 5.38 which plots the iso-surface of KLS 
= 20 μm, reveals that the smallest KLS values were spatial distributed at the locations 
proximate to the valves in both cases. 20 μm was observed as the least value at which 






Table 5.3 Kolmogorov length scale and Turbulent viscous shear stress values at peak 




Figure 5.35 A comparison between Hancock II and Unus II over 7 time points in 1 











Figure 5.36 A comparison of the average Turbulence Intensity in the left ventricle 




Figure 5.37 Iso-surface plot of KLS = 20μm superimposed on the iso-surfaces of the 
velocity magnitude at the various contour levels (grayscale). Areas of interest are 





Figure 5.38 Iso-surface plot of KLS = 20μm superimposed on the iso-surfaces of the 
velocity magnitude at the various contour levels (grayscale). Areas of interest are 




Figure 5.39 A comparison between Hancock II and Unus II over 7 time points in 1 




5.4 An investigation into the hemodynamic effects of mitral orifice geometry 
and position on subsequent left ventricular vortex formation and turbulence 
intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space. 
 
5.4.1 Vortex formation and its associated circulation in the left ventricle 
Blood flow through the mitral apparatus can result in vortical coherent structures(152) 
that can be detected by the concentration of significant rotational component of the 
velocity gradient in regions of space(90). Left ventricular coherent structures which 
are defined as the interconnected volumetric zones where λ2 was found to be less 
than zero, were plotted over six time steps in one cardiac cycle downstream of all four 
orifices, as shown in Figure 5.40 to Figure 5.43. By comparing left ventricular vorticity 
distribution illustrated in Figure 5.40 and Figure 5.43, it was observed that the orifice 
configurations Circular off-centered (Figure 5.40) and Physiological D (Figure 5.43) 
exhibited closely comparable LV vortex formation in one cardiac cycle, whereas 
configurations Circular centered (Figure 5.41) and Control D (Figure 5.42) on the other 
hand manifested nearly similar coherent structures. This was so, especially at time 
steps I to III, where the main centralized clockwise vortical structure (blue) perceived 
in each case were almost identical in terms of size and location.  In the case of both 
the posteriorly displaced orifices (Circular off-centered and Physiological D), the 
formation of a distinct free shear layer of negative vorticity occured at peak flow (time 
step I), beginning at the anterior trailing edge of the orifice and extending to the 
central region of the ventricle. However, the origin of shear layer immediately 
downstream of Physiological D orifice appeared to be more centralized (y = ~7 mm) 
with a maximum vorticity value of ~-150 s-1 as compared to that seen in its Circular 
off-centered counterpart (y= ~9.5 mm) with a maximal of ~-180 s-1. In contrast, in the 
case of both the Circular centered and Control D configurations (Figure 5.41 and 
Figure 5.42) the initial shear layer remained near the anterior periphery of the orifice, 
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in proximity to the left ventricular outflow track. Furthermore, in both instances the 
presence of an anticlockwise vortical structure (red) was observed to reside in the 
posterior vicinity of the LV with a vorticity value of greater than ~60 s-1. 
 
Likewise, a distinctive dissimilarity in LV vorticity distribution could be discerned 
between the posteriorly displaced orifices (Circular off-centered and Physiological D) 
and their controls (Circular centered and Control D), as the flow decelerated at time 
step III with the vortex sheet roll-up occurring in all four configurations (Figure 5.40-
Figure 5.43), which led to the subsequent formation of a noticeable clockwise vortex 
in the LV.  The shear layers produced by both the Circular off-centered and 
Physiological D orifices rolled up into large centrally positioned vortices with 
maximum vorticities of ~-180 s-1 and ~-160 s-1 at their cores respectively. In both 
instances, the developing clockwise vortices were being fed negative vorticity since 
they were both observed to be still attached to their respective trailing wakes. In 
contrast, the developing clockwise vortex cores downstream of both Circular centered 
and Control D orifices were notably displaced towards the anterior wall of the left 
ventricle with maximum vorticities of ~-150 s-1 and ~-200 s-1 at their cores respectively 
(Figure 5.41 and Figure 5.42). However, unlike the other three orifices, vortex 
pinched-off was observed to occur downstream of the Control D orifice.   
 
From time step III to VI, the clockwise vortex which occupied the center region of the 
left ventricle (Figure 5.40 and Figure 5.43) was observed to diffuse outwards to the 
extend where it almost takes up the entire LV with regards to posteriorly displaced 
orifices (Circular off-centered and Physiological D). This observation accounted for the 
fact that the average LV circulation values downstream of these two orifices were 
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greater in magnitude in comparison to their controls (Circular centered and Control 
D) at time steps III, V and VI (Figure 5.44), with the average circulation of both orifices 
peaking at time step III at values of -0.018 m2s-1 and -0.025 m2s-1 respectively (Figure 
5.44). On the contrary, for the control group (Circular centered and Control D), the 
clockwise vortex was displaced towards the anterior LV wall at time step III with the 
maximum core vorticity of -60 s-1 and -57 s-1 respectively (Figure 5.41 and Figure 5.42). 
 
 Furthermore, in comparison to the Circular off-centered orifice, the clockwise vortex 
formed downstream of the Physiological D orifice was deduced to be relatively more 
centralized and greater in size. This finding is in good agreement with the comparison 
of the average left ventricular circulation downstream between the Circular off-
centered and the Physiological D orifices over a single cardiac cycle (Figure 5.44), since 
the average LV circulation calculated for Physiological D orifice exceeded that of the 
Circular off-centered at every time step in the cardiac cycle, especially at time step VI 
where the circulation of Physiological D is greater by 0.011 m2s-1. In the case of the 
Physiological D orifice, the average LV circulation increased steadily beginning at time 
step I to a maximum magnitude of 0.025 m2s-1 at time step III, where it remained 
above the magnitude of 0.015 m2s-1 throughout the rest of the cardiac cycle. In 
contrast, the average LV circulation of the Circular off-centered peaked at time step 







Figure 5.40 Left ventricular vorticity iso-surface plots, downstream of the Circular off-
centered orifice configuration at several contour levels shown in the space where 








Figure 5.41 Left ventricular vorticity iso-surface plots downstream, of the Circular 
centered orifice configuration at several contour levels shown in the space where 








Figure 5.42 Left ventricular vorticity iso-surface plot downstream of the Control D 
orifice configuration at several contour levels shown in the region space where λ2<0, 











Figure 5.43 Left ventricular vorticity iso-surface plot downstream of the physiological 
D orifice configuration at several contour levels shown in the region space where 








Figure 5.44 The left ventricular circulation averaged between the two planes of 
interest, plotted over 6 time steps within one cardiac cycle. D shaped orifices are 
represented in black and their circular counterparts are in grey. Orifices which are 
displaced towards the posterior wall are denoted by the checked bars and their 




5.4.2 Left ventricular Turbulence intensity, the Kolmogorov length scale and 
the turbulent viscous shear stress 
The turbulence intensity of a flow field, defined as the ratio between the magnitude 
of the ensemble averaged velocity component with its corresponding fluctuation 
intensity, reflects the amount of damage that the blood cells and the platelets are 
exposed to in the form of Reynolds shear stress and turbulent kinetic energy levels. 
Turbulence intensity is utilized in this study as parameter of blood damage due to the 
fact that the trans-orifice bulk velocities were not found to be equal for all four 
configurations. This will allow for an accurate comparison to be made between the 
orifices as the fluctuating velocity component from which the Reynolds shear stress is 
derived from, is normalized to its corresponding mean flow. Figure 5.45 to Figure 5.48 
illustrate the turbulence intensity distribution in the left ventricle over six time steps 
in the cardiac cycle. From the figures, the measured turbulence intensity was 
significant at region proximal to the apex in all four cases, especially in the instance 
involving Control D orifice where areas close to the apex exhibited high turbulence 
intensity (TI) of approximately more or equal than 100% over all six time steps (Figure 
5.47). This observation is in good agreement with Figure 5.49 which shows that the 
averaged TI levels in the LV for the case of the control D orifice exceeded ~40 percent 
at all time steps, which was significantly higher than all other configurations 
throughout the cardiac cycle. On the contrary, there was no perceived significant 
difference in the minimum Kolmogorov length scale detected in the flow fields and its 
corresponding maximum turbulent viscous shear stress value between all four orifices 






Figure 5.45 Left ventricular turbulence intensity iso-surface plot downstream of the 











Figure 5.46 Left ventricular turbulence intensity iso-surface plot downstream of the 











Figure 5.47 Left ventricular turbulence intensity iso-surface plot downstream of the 











Figure 5.48 Left ventricular turbulence intensity iso-surface plot downstream of the 











Figure 5.49 The turbulence intensity averaged between the two planes of interest, 
plotted over 6 time steps within one cardiac cycle. D shaped orifices are represented 
in black and their circular counterparts are in grey. Orifices which are displaced 
towards the posterior wall are denoted by the checked bars and their respective 







Table 5.4 Physiological parameters observed during particle image velocimetry in the 




Table 5.5 Minimum Kolmogorov length scale detected in the flow field and its 









































This chapter consist of the discussion with regards to the results presented in Chapter 
V. The discussion is structured along the specified sequence of specific aims 
established in Chapter III: 
 
Specific Aim I: The design and development of a D-shaped bi-leaflet bio-prosthesis 
which replicates the physiological left ventricular flow patterns, as a foundation for 
future numerical analysis on patient specific native mitral valve dynamics. 
This segment will discuss the difference in left ventricular hemodynamics between 
the D-shaped Bi-leaflet Bio-prosthesis with the St. Jude Medical Epic valve in terms of: 
• Velocity field and vortex formation 
• Energy conservation 
• Turbulence 
 
Specific Aim II: The development of a mitral apparatus inspired mechanical 
prosthesis, with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data. 
This section will discuss the dissimilarity in left ventricular flow patterns between the 
newly developed biomimetic mechanical prosthesis and the clinically available ATS 
valve with respect to: 
• The effect of leaflet design on left ventricular flow patterns and vortex 
formation 
• The effect of leaflet design on turbulent viscous shear stress (TVSS), 
Kolmogorov length scale (KLS) and subsequent shear induced platelet 
activation 





Specific Aim III: An in vitro analysis of the mitral anterior leaflet’s sole effect on the 
left ventricular vortex formation within an idealized silicon phantom, initializing a 
preliminary insight into its potential role in velocity fluctuation suppression, and 
thus serve as a basis upon which subsequent computational hemodynamic studies 
can be validated.   
This portion of the chapter will discuss the effect of the anterior leaflet structure in 
the downstream hemodynamic environment in contrast to that of a Hancock II valve 
in relation to: 
• Effect of the anterior leaflet design on the formation of an asymmetrical 
physiological vortex 
• Effect of the anterior leaflet design on left ventricular flow instability. 
• Effect of the anterior leaflet on turbulent viscous shear stress (TVSS) levels 
and Kolmogorov length scale (KLS) at peak flow (time step II).  
• Clinical impact of findings 
• Correlation between helicity, λ2 vortex structures and turbulence intensity 
(TI) 
• Spatial relationship between areas of relatively high turbulent viscous shear 
stresses (TVSS) and locations where interactions of highly positive/negative 
lamb vector divergence 𝜵. 𝒍 occurs 
 
Specific Aim IV: An investigation into the hemodynamic effects of mitral orifice 
geometry and position on subsequent left ventricular vortex formation and 
turbulence intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space. 
This part of the chapter will discuss the results obtained from the investigation into 
the hemodynamic effects of orifice geometry and position on the left ventricular flow 
field in terms of: 
• Effect of orifice off-set distance (p) on left ventricular vortex formation, 
circulation and turbulence intensity (TI) levels 
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• Effect of orifice shape on left ventricular vortex formation, circulation and 
turbulence intensity (TI) levels 
• Effect of orifice shape and off-set distance on the minimum Kolmogorov 
length scale (KLS) and maximum turbulent viscous shear stress (TVSS) at 
peak flow 
• Clinical Importance of findings 
 
6.1 The design and development of a D-shaped bi-leaflet bio-prosthesis 
which replicates the physiological left ventricular flow patterns, as a 
foundation for future numerical analysis on patient specific native mitral 
valve dynamics 
Prior in vivo studies involving imaging techniques have established the fact that in a 
healthy heart, there exists a large asymmetric clockwise vortex located at the center 
of the LV during ventricular diastole (52, 57, 153-155). This asymmetric clockwise 
vortex which fills nearly the entire LV during the interval between diastole and systole 
conserves kinetic energy of the blood as it is redirected from the mitral valve to the 
aorta (57). Many studies have shown that artificial heart valves do not replicate 
physiological flow field, leading to higher turbulence levels in the LV (156). This study 
showed that for first time in an in vitro set up similar to the design employed by Okafor 
et al.(136), a D-shaped artificial valve, as in the native valve configuration, is able to 
both preserve asymmetric clockwise vortex and conserve kinetic energy during 
ventricular diastole.  
 
6.1.1 Velocity field and vortex formation 
6.1.1.1 Epic Valve 
The velocity fields of the two heart valves start to differ significantly at time step IV 
during the mid-diastolic diastasis between the E wave and the A wave (Figure 5.1 and 
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Figure 5.2). In the D-shaped GD valve, the circulation around the center core resulted 
in a higher mean kinetic energy near the anterior of the LV of approximately 10-20 
J/m3, directing the flow towards the LVOT. In contrast, in the case of the Epic valve, 
flow was directed away from the LVOT with a velocity of ~0.16 - 0.06 m/s (time step 
IV and V). Furthermore, the significantly lower mean velocity magnitude observed in 
the anterior region of the LV (time steps VI and VII, Epic valve) could be due to the 
vector canceling effect because of directional differences between the downward jet 
(A wave) and the direction of the circulating fluid in the region immediately distal of 
the mitral position. This was unlike that of the D-shaped GD valve where the direction 
of the A wave jet and the circulating fluid were similar in direction (towards the apex). 
This explains why the turbulence intensity level of the Epic valve in time step VI was 
more than double that of the GD valve (Figure 5.16) as a drop in mean flow and an 
increase in flow disturbances and instability could result in a higher turbulent intensity 
and greater energy dissipation due to a higher peak TKE level. 
 
6.1.1.2 D-shaped GD Valve 
The LV velocity flow field of the D-shaped GD valve (Figure 5.2) during diastole was 
similar to that seen in a healthy heart in vivo (52, 55, 154), where the incoming filling 
jets (E wave and A wave) merged the existing circulating fluid in the LV smoothly 
before redirected towards the LVOT efficiently. With the λ2 criterion method of vortex 
core detection, a large clockwise vortex that nearly filled the entire LV (Figure 5.7) 
during time steps III, IV and V, similar to that in a healthy heart can be identified (54, 
56). This large clockwise vortex maintained throughout the diastolic period after its 
formation at time step II where the initial filling jet (E wave) entered the LV (Figure 
5.7), is the reason for the clockwise LV circulation observed in the D-shaped GD valve 
and not in the Epic valve. This vortex was sustained at an approximately constant level 
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of ~7 - 8 s-1 at time steps III, IV, V and VII (Figure 5.7). It can be postulated that it is this 
negative (clockwise) LV circulation that aided in the redirection of the blood to the 
LVOT thus reducing energy loss (Figure 5.4) and turbulence (Figure 5.16). 
 
6.1.2 Energy conservation  
At time step II, the initial filling jet of the Epic valve was higher in Mean Kinetic Energy 
(MKE) when compared to that of the GD valve (Figure 5.5), as more kinetic energy 
enters the system. However, this initial energy was significantly dissipated in 
subsequent time steps as observed in the lower levels of MKE of the Epic valve after 
time step II. It can be hypothesized that the large clockwise vortex seen in the D-
shaped GD valve case previously described may play an important role in the 
maintenance of MKE levels (Figure 5.5) in the LV especially during the interval 
between the two incoming jets, as prior studies have demonstrated the effect of 
vortex formation on energy dissipation(157). Furthermore, the greater LV clockwise 
circulation in the D-shaped GD valve resulted in higher MKE levels in the region near 
the LVOT (Figure 5.4). It can be postulated that the higher level of MKE at time step 
VII just before systole will result in better cardiac efficiency. 
 
6.1.3 Turbulence 
Prior studies have shown that RSS levels are closely related to hemolysis and platelet 
activation, with a threshold of approximately 400 Pa and 100 Pa respectively (158). 
On the other hand TKE is associated with kinetic energy being dissipated by viscous 
stresses at the Kolmogorov microscales through the energy cascade model(159).  
Although both the valves have approximately the same maximum RSS values, they 
differ in terms of turbulence intensity (TI). The TI of the D-shaped GD valve was 
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observed to be significantly lower at time steps IV, V and VI as the mean velocity 
component is significantly higher than the fluctuating one. It can be postulated that 
in the case of the D-shaped GD valve, the large central vortex reduces velocity 
fluctuation while maintaining a high mean flow. 
 
6.1.4 Limitations 
Since two dimensional PIV was employed to capture only the mid plane velocity field, 
the three dimensional nature of LV flow(160) was not fully reflected in this study. 
Furthermore, the data sets presented in this study represents an n = 1 as a single valve 
of each design was utilized. 
 
6.2 The development of a mitral apparatus inspired mechanical prosthesis, 
with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data 
Established Bi-leaflet mechanical valve designs are known to be more thrombotic and 
have greater potential for platelet activation than tissue bio-prostheses, due to high 
shear stress levels generated by non-physiological flow profiles. This study 
demonstrated that subtle changes to the established bi-leaflet mechanical design 
based on the idea of biomimicry can significantly restore the altered flow field to a 
more physiological left ventricular flow profile that could potentially lower blood 
damage. In addition, the correlation between leaflet design, left ventricular flow 
patterns, vortex formation, turbulence, turbulence shear stress and blood damage 




6.2.1 The effect of leaflet design on left ventricular flow patterns and vortex 
formation 
Similar to prior hemodynamic studies involving standard bi-leaflet mechanical 
valves(71, 161), two distinct filling jets were observed downstream of the ATS valve 
at peak flow (Figure 5.17). In contrast, only a single filling jet was observed in the case 
of the Bio-MHV valve (Figure 5.18). This is due to the fact that the ATS design places 
the hinges at the center of the orifice, creating 2 separate minor orifices at opposing 
ends, whereas the Bio-MHV valve’s leaflets are hinged at the sides allowing for an 
unobstructed single orifice. In an incompressible fluid, where the vortex pinch off(162) 
and subsequent formation depends on boundary layer separation, two jets will give 
rise to two vortex pairs (time step II and III) as opposed to a pair created by a single 
filling jet downstream of Bio-MHV valve (Figure 5.19 and Figure 5.20). In the case of 
the ATS valve, vortex shedding from the valve leaflets resulted in a chaotic and 
unsteady flow field as evident by the collection of multiple discrete vortical 
structures/eddies with opposing rotational direction observed in the left ventricle (LV) 
(Figure 5.19). In addition, similar to the study by Pedrizzetti et al. (121), it was also 
observed similar vortex reversal opposite to that seen in a normal heart at the apex 
(Figure 5.19). Whereas downstream of the Bio-MHV valve, a large anticlockwise 
vortex similar to that seen in a heathy heart(55) persisted through the entire cardiac 
cycle as the initial vorticity concentration diffused away from the core through viscous 
effects (Figure 5.20). The persistence of this asymmetric clockwise vortex was 
responsible for the high average clockwise circulation and vorticity throughout the 





6.2.2 The effect of leaflet design on turbulent viscous shear stress (TVSS), 
Kolmogorov length scale (KLS) and subsequent shear induced platelet 
activation 
Prior studies have suggested that in addition to Reynolds shear stress (RSS) levels, 
Turbulent viscous shear stress (TVSS) resulting from turbulent energy dissipation at 
the Kolmogorov length scale is an additional indicator of platelet activation and 
subsequent hemolysis(75, 77, 101, 163). In turbulent flows, turbulent kinetic energy 
is produced at the integral scale and transferred through the inertial subrange before 
being dissipated at the Kolmogorov scale(78). Since the Kolmogorov scale is spatially 
closest to the scale of red blood cells, it is hypothesized that viscous dissipative 
stresses are involved in hemolysis(102). From the observation that the maximum 
recorded TVSS level and minimum KLS of ~12 Nm-2 and ~26µm respectively occurred 
at peak flow (Table 5.1) downstream of the ATS valve, it can be deduced that the 
positioning of the hinges from the center as in the Bio-MHV valve design can lower 
velocity gradients across the orifice, leading to less viscous dissipative stress 
experienced by the blood cells. The maximum recorded TVSS level and minimum KLS 
of ~12 Nm-2 and ~26 µm respectively are similar in magnitude to that found in prior 
hemodynamic studies involving the established bi-leaflet mechanical valve design(75, 
102, 163), thus from this validation, it can be surmised that the Bio-MHV valve design 
has the future potential to reduce required anti-coagulation treatment due to its 
relatively lesser thrombotic flow when compared to the ATS valve.  
 
6.2.3 The effect of vortex formation on turbulence and subsequent blood 
damage potential 
The random distribution of multiple turbulent eddies of differing sizes and orientation 
downstream of the ATS valve (Figure 5.19), created a chaotic flow field with a large 
randomly fluctuating velocity profile evident by localized areas of high turbulent 
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intensities in the left ventricle (LV) at various time points (Figure 5.23). This is a 
characteristic of a highly turbulent system, where the presence of multiple small 
scaled eddies resulted in a relatively large fluctuating velocity component when 
compared to the mean bulk flow(164). Reynolds shear stress (RSS) levels(165) which 
is computed from the fluctuating velocity component of the flow field is a key 
indicator frequently used to assess the extent of turbulence induced blood damage in 
hemodynamic studies. Therefore, turbulence intensity is an appropriate indicator of 
thrombosis in this study as it normalizes the fluctuating velocity component to that of 
the mean flow in order for a proper comparison to be made between two valves. It 
has been shown that, based on average turbulent intensity levels, the flow field 
downstream of the ATS valve was found to be significantly more turbulent and 
therefore more thrombotic at all time steps except peak flow (Figure 5.25). From this 
observation, it can be concluded that the existence of a single large central vortex in 
LV downstream of the Bio-MHV valve was vital in the smooth redirection of the 
incoming flow towards to LVOT, reducing velocity fluctuation, and subsequently 
translating into a higher mean velocity profile especially during mid-diastole diastasis 
(Figure 5.17 and Figure 5.18). Therefore, from the results of this study, it is inferred 
that the formation of a physiological clockwise swirl pattern in the LV is vital for 
reduction in turbulence. 
 
6.2.4 Limitations 
Although stereographic PIV was employed to capture the three dimensional velocity 
components, the volumetric flow field was estimated since interpolation between 
two measurement planes was required to generate volumetric contour plots. Non-
zero velocity divergence was observed for both valves especially near the walls of the 
left ventricle due to high velocity gradients in those locations and a finite spatial 
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resolution employed. This might be due to a combination of measurement errors and 
interpolation, since no filter was employed to make the flow field divergence free. 
Nevertheless, the well-established ATS valve has been employed as a benchmark and 
as an experimental control to isolate the effects of valve design on vortex formation 
and to minimize experimental errors and bias. Lastly, the data sets presented in this 
study represents an n=1 as only a single valve of each design was utilized. 
 
6.3 An in vitro analysis of the mitral anterior leaflet’s sole effect on the left 
ventricular vortex formation within an idealized silicon phantom, initializing 
a preliminary insight into its potential role in velocity fluctuation suppression, 
and thus serve as a basis upon which subsequent computational 
hemodynamic studies can be validated 
 
6.3.1 Effect of the anterior leaflet design on the formation of an asymmetrical 
physiological vortex 
Prior studies have established that there exist a large asymmetric vortical structure in 
a healthy left ventricle, which the anterior leaflet is postulated to play a significant 
role in its formation(67). In this study, this previously observed physiological non-
uniform vorticity distribution was successfully replicated, solely by means of single 
large leaflet hinged at the anterior edge of the orifice. The anterior leaflet of the Unus 
II displaces the filling jet near the posterior wall as it opens (Figure 5.28 and Figure 
5.29), giving rise to a centrally located clockwise vortex (blue) and an anti-clockwise 
vortex (red) near the posterior wall. This observation is in good agreement with a 
study by Romano et al. where they have demonstrated that the counter rotating 
vortex pair downstream of asymmetric leaflets will travel towards the side opposite 
of longer leaflet(85). Viscous dissipation due to vortex-wall interactions caused the 
anti-clockwise vortex (red) to decrease in size and intensity in subsequent steps 
following its initial formation at time step II, with its subsequent decay into small scale 
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eddies at time step III. In contrast, the clockwise (blue) vortex grew in size and 
intensity (time step III) as it was fed additional vorticity from the trailing edge of the 
anterior leaflet (Figure 5.30), before diffusing outwards and filling the entire LV at 
time step IV (Figure 5.31). The presence of this persistent clockwise vortex seen in the 
Unus II case accounts for the negative LV circulation generated throughout the entire 
cardiac cycle (Figure 5.39). Based on this findings, it can be postulated that the 
anterior leaflet is vital to the generation of the physiological vortical asymmetry by 
two mechanisms. First, displacing the incoming jet close to the posterior wall thus 
causing the premature decay of the anticlockwise vortex due to wall viscous effects 
and second, enhancing the increase in size and intensity of the clockwise vortex by 
positioning its initial formation near the center away from the LV walls (where viscous 
dissipation is high) and providing a continuous supply of vorticity from its trailing wake.  
 
6.3.2 Effect of the anterior leaflet design on left ventricular flow instability. 
Turbulence intensity (TI), defined as the ratio between the fluctuating component 𝑣′ 
and the ensemble averaged 〈?̅?〉 is utilized as an indicator for thrombosis resulting 
from flow instability and momentum flux in this study since it normalizes 𝒗 to its 
corresponding 〈?̅?〉, allowing for an appropriate comparison to be made between the 
two valves. Reynolds shear stress (RSS), an established index of hemolysis and platelet 
activation(165) is derived from the same measured 𝑣 ’, hence RSS induced blood 
damage is pronounced at regions where TI levels are substantial. The average Unus II 
left ventricular TI is lower at all time steps when compared to Hancock II (Figure 5.36), 
with the later having regions of high TI close to the posterior and anterior apex walls 
at the lower half of the LV (Figure 5.29, Figure 5.30, Figure 5.31). From this findings, 
the incorporation of a leaflet structure at the anterior edge has the ability to 
significantly reduce turbulence levels in the LV, particularly at the peak flow (time step 
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II) where the contrast in TI between the two valves was most distinctive (Figure 5.36) 
can be inferred. 
 
6.3.3 Effect of the anterior leaflet on turbulent viscous shear stress (TVSS) 
levels and Kolmogorov length scale (KLS) at peak flow (time step II).  
The TVSS levels and its spatial distribution of corresponding KLS eddies are alternative 
measures(75, 76) of hemolysis and platelet activation in addition to Reynolds shear 
stresses (RSS). In a turbulent flow field where energy dissipation occurs at the KLS, 
eddies with sizes close to that of RBCs can exert direct damage, causing 
hemolysis(166). The minimum KLS measured at peak flow for both valves (Table 5.3) 
were measured to be distinctly close to the red blood cell diameter of 8 µm 
immediately downstream of both valves, although the iso-surface plots of KLS = 20 
µm (Figure 5.37 and Figure 5.38) revealed a relatively greater presence of KLS eddies 
in the proximity of the Hancock II in comparison to the Unus II. From these 
observations, it can be surmised that while blood damage still has the potential of 
occurring in both valves, the existence of fewer KLS eddies close to the Unus II suggest 
that the inclusion of an anterior leaflet may lead to a filling jet that is less thrombotic 
at peak flow, where the likelihood of hemolysis is considerable owning to substantially 
high velocity gradients present during this time point. 
 
6.3.4 Clinical impact of findings 
Currently, all clinically available valves for mitral replacement have been shown to 
induce abnormal flow fields in the LV upon implantation(121). The results of this study 
illustrates the vital role that the anterior leaflet plays in the reduction of turbulence 
via the restoration of a physiological vortical structure in the LV. This is significant 
since it demonstrates the relationship between the anterior leaflet induced vortex 
171 
 
formation and turbulence levels in the LV, with subsequent impact on red blood cell 
damage and thrombosis. It can be postulated that the incorporation of a “leaflet-like” 
structure at the anterior edge into future artificial mitral valve designs will lead to an 
improved hemodynamics performance resulting in a less aggressive anti-coagulation 
treatment required. 
 
 6.3.5 Correlation between helicity, λ2 vortex structures and turbulence 
intensity (TI) 
Much progress has been made in the identification and definition of coherent 
structures in turbulent flows. Studies have shown that helicity ∫ 𝒗 ∙  𝝎 𝑑𝑉, derived 
from the alignment between vorticity 𝝎 and velocity 𝒗 vectors, is one of the means 
of detecting large scale inter-connective vortical structures within a turbulent 
flow(92). Furthermore, helicity is shown to have a crucial role in the turbulent energy 
cascade phenomena with resulting energy dissipation at the Kolmogorov length 
scales(167). It is suggested that vortices which are inherently highly helical are more 
lasting and stable in nature(168), with greater maintenance of structural integrity(97) 
since it has been postulated that the presence of helicity impede the conventional 
energy cascade to smaller scale eddies and render vortex structures less prone to 
dissipation(94, 96, 97). This effect can be perceived in long -lasting storms and other 
weather systems(98). 
 
Figure 5.35 plots the average helicity in the LV for both the valves over the entire 
cardiac cycle. From this figure, a much steeper decline in average helicity is detected 
in the case of the Hancock II as opposed to the Unus II from time step II (peak flow) to 
time step IV (diastasis). When the helicity plot (Figure 5.35) is juxtaposed with that of 
the turbulence intensity plot (Figure 5.36), it was observed that the drop in the 
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Hancock II’s average helicity to its minimal level is concurrent with the rise in average 
TI to its peak. In addition, a close examination of Figure 5.29, Figure 5.30, Figure 5.31, 
reveal that the turbulence levels of eddies in the LV are significantly strong in regions 
of the flow where helicity is absent (predominately near the apex). Although Unus II 
generates a less helical initial flow when compared to the Hancock II, its left 
ventricular vortical structures downstream of the anterior leaflet were intrinsically 
more stable and less dissipative in nature.  
 
6.3.6 Spatial relationship between areas of relatively high turbulent viscous 
shear stresses (TVSS) and locations where interactions of highly 
positive/negative lamb vector divergence 𝜵. 𝒍 occurs 
The divergence of the lamb vector 𝛻. 𝒍 can elucidate the spatial distribution of the 
turbulent viscous shear stresses (TVSS) observed at peak flow for both valves. The 𝛻. 𝒍 
as a variable is suggested to be closely linked to the areas in the flow where there is a 
tendency for momentum transfer to occur(104). Since the fluid in regions where 𝛻. 𝒍 
are highly positive undergo large strain, and the fact that vorticity is predominately 
concentrated in exceedingly negative 𝛻. 𝒍 zones, pronounced momentum flux occurs 
in the locations where there is significant interaction between adjacent areas of 
distinctively large positive and negative 𝛻. 𝒍 values(104, 105). Definite examples of 
these adjacent areas can be found in case of Hancock II at peak flow (time step II), 
identified in both the TVSS and 𝛻. 𝒍 contour plots (Figure 6.1, Figure 6.2 and Figure 
6.3). From the comparison between these pairs of plots, it can be postulated that 
there might be a correlation between regions of high TVSS values and adjacent areas 
where substantially large positive and negative 𝛻. 𝒍 values interact. Thus, 𝛻. 𝒍  iso-
surface plots (Figure 6.1, Figure 6.2, Figure 6.3) may shed light on the potential cause 
of blood damage from shear stress at the Kolmogorov scale due to substantial 
changes in momentum at regions between zones of highly positive and negative 𝛻. 𝒍 
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values. Furthermore, from these findings, it can be hypothesized that the inherent 
nature of the jet downstream of the anterior leaflet may be a factor in minimizing 




Figure 6.1 Contour plots at plane x = 0.00631579m illustrates the correlation in 
spatial distribution between TVSS and Lamb vector divergence values during peak 
flow (time step II). TVSS levels are significant in regions where substantially large 





Figure 6.2 Contour plots at plane x = -0.00315789m illustrates the correlation in 
spatial distribution between TVSS and Lamb vector divergence values during peak 
flow (time step II). TVSS levels are significant in regions where substantially large 







Figure 6.3 Contour plots at plane x = -0.0410526m illustrates the correlation in 
spatial distribution between TVSS and Lamb vector divergence values during peak 
flow (time step II). TVSS levels are significant in regions where substantially large 
positive and negative lamb vector divergence are in close proximity. 
 
6.3.7 Limitations 
Inverse distance interpolation was required to generate volumetric contour plots 
from two planes of 2D3C velocity vector fields, which might lead to inaccuracies. 
Furthermore, the data set presented in this study is equivalent to n=1 since only 1 
valve of each design was used in the experiments. Nevertheless, the clinically 
established Medtronic Hancock II was utilized as an experimental control at which the 
hemodynamics effects of the anterior leaflet can be compared against so that 




6.4 An investigation into the hemodynamic effects of mitral orifice geometry 
and position on subsequent left ventricular vortex formation and turbulence 
intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space 
 
6.4.1 Effect of orifice off-set distance (p) on left ventricular vortex formation, 
circulation and turbulence intensity (TI) levels 
In a healthy left ventricle, the distinctive flow pattern is defined by the presence of a 
characteristic asymmetric clockwise vortex during ventricular diastole(52). This large 
clockwise vortex was only observed downstream of both the Circular off-centered and 
the Physiological D configurations (time steps II to VI) (Figure 5.40 and Figure 5.43), 
but was absent in the case of the Circular centered and Control D orifices (Figure 5.41 
and Figure 5.42) where the smaller posteriorly displaced vortical structure was 
perceived to have decayed into multiple eddies after time step III (Figure 5.41 and 
Figure 5.42).  
 
From the results obtained, it can be postulated that the off-set distance (p) from the 
posterior wall might be a significant factor in enabling the replication of the 
physiological asymmetric clockwise vortex structure. This is evident by the fact that 
relatively higher levels of LV circulation stemming from the physiological vortical 
formation (Figure 5.44) downstream of both orifice shapes (D and Circular) can be 
obtained by displacing the orifice center closer towards the posterior wall, 
subsequently reducing the off-set distance (p) in the process (Table 4.3). The LV 
circulation downstream of the Physiological D orifice was found to be significantly 
higher than the Control D configuration at all time steps, with the greatest difference 
of ~0.022 m2s-1 (Figure 5.44) occurring at time step II. Likewise, a similar trend can be 
observed when a comparison was made between the circular orifices. The LV 
circulation was detected to be higher in the Circular off-centered orifice (p≈16) than 
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its axi-symmetrical control (Circular centered) at all time points except time step IV 
(Figure 5.44), although the greatest disparity in circulation levels in this case was 
considerably lower at ~0.01 m2s-1 (time step II).  
Similarly, based on the findings obtained (Figure 5.45 to Figure 5.49), there may be a 
positive correlation between the off-set distance (p) and the level of flow instability 
in the left ventricle. The reduction in the off-set distance of the D shaped orifice from 
the posterior wall (Physiological D) resulted in lower turbulence intensity levels at all 
time steps in the cardiac cycle, in contrast to the control (Control D) orifice where 
elevated TI levels at the region close to the apex result in significantly higher LV flow 
instability, with a maximum of ~58% (time step VI). This is in good agreement with 
recent prior studies which illustrate the significance of establishing a physiological LV 
vortex in relation to achieving lower left ventricular TI levels(60, 127).  
 
6.4.2 Effect of orifice shape on left ventricular vortex formation, circulation 
and turbulence intensity (TI) levels 
 Situated between the left atrium and ventricle, the native saddle shaped mitral 
apparatus which bears close geometrical resemblance to a capital D, is observed to 
deform and vary in morphology throughout the cardiac cycle(169).  Nevertheless, 
artificial replacement valves currently available for the mitral position comprise of a 
rounded orifice surrounded by a circular sewing cuff which subsequently alters the 
annulus morphology post implantation, potentially leading to a disturbed flow 
structure(57) in the LV. In relation to this, there are in vitro studies on the relation 
between the dynamics of the mitral annulus and the subsequent flow patterns 
generated in the LV(170, 171), and the recent clinical development of a new trans-
catheter mitral valve design which features a novel D shaped frame that conforms to 
the native anatomy(172). Taking these developments into account, there is a 
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compelling need to examine this pertinent question of how the shape of the orifice 
affects LV flow patterns and whether the preservation of D orifice by implanted 
annuloplasty rings and artificial valve designs can potentially restore the physiological 
LV vortex.  
 
In this study, the findings obtained illustrate the fact that the preservation of the 
native D shaped orifice alone might not be sufficient to replicate the healthy in vivo 
vortex formation, since the vortex formation downstream of the Control D 
configuration was not found to be physiological due to a significant presence of eddies 
which contributed to high turbulence levels near the apex and an absence of a large 
asymmetrical vortical structure throughout the entire cardiac cycle (Figure 5.42). This 
translated to a lower averaged LV circulation (Figure 5.44) and a higher mean LV 
turbulence intensity (Figure 5.49) when compared to the Circular centered orifice 
over all six time steps in the cardiac cycle. In view of this findings, the implantation of 
a D shaped orifice in place of a circular one, may on the contrary lead to a more 
disturbed left ventricular flow field downstream when the offset distance (p) from the 
posterior wall is significant. However, the reverse occurs when the off-set distance of 
the orifice from the posterior wall is relatively small (p < 20 mm), as the comparison 
in flow field between the Physiological D configuration and the Circular off-set 
configuration demonstrated that the D orifice (Physiological D) resulted in the 
formation of greater clockwise LV circulation and a lower level of turbulence in 
contrast to the O orifice (Circular off-set) at time steps IV to VI (Figure 5.44 and Figure 
5.49). It can be hypothesized that when the offset distance (p) of the orifice from the 
posterior is large enough, the filing jet entering the left ventricle can be assumed to 
be a free jet, with the shear layer and the subsequent vortical formation due to the 
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presence of a lateral velocity gradient. In the case of a free jet, it has been shown in 
fluidic experiments that the aspect ratio of a rectangular orifice is directly 
proportional to the level of turbulence intensity at the immediate downstream 
region(173, 174).  The results obtained seem to concur with these findings (although 
the orifice in this study is D shaped rather than rectangular) since relatively higher LV 
turbulence levels are found downstream of the Control D (which has a higher aspect 
ratio) in comparison to the Circular centered configuration (Figure 4.17). Whereas on 
the other hand, when the offset distance (p) is relatively small, the incoming flow from 
the mitral orifice can be taken to be a wall bounded jet.   
 
6.4.3 Effect of orifice shape and off-set distance on the minimum Kolmogorov 
length scale (KLS) and maximum turbulent viscous shear stress (TVSS) at peak 
flow 
The maximum turbulent viscous shear stress (TVSS) levels experienced by the red 
blood cells occurs at regions in the flow where the measured Kolmogorov length scale 
(KLS) is at its smallest. Both TVSS and KLS are employed as parameters in prior 
hemodynamic studies to gauge the magnitude of potential blood damage induced by 
the flow through artificial valves(75, 101). Since the KLS and red blood cells are both 
at the micron scale, it has been postulated that KLS and TVSS can be indicators of 
potential blood damage, as energy transferred from the integral scale are eventually 
dissipated at the KLS(78, 102). The experimental results from this study show no 
significant difference in the minimum KLS and its corresponding maximum TVSS levels 
between all four orifice configurations (Table 5.5). From this observation, it can be 
concluded that both the orifice shape and the offset distance (p) from the posterior 
ventricular wall may not be salient parameters that influence the level of TVSS that 
the red blood cells are exposed to. Rather, it can be  postulated that the size of the 
orifice area might instead be the overriding factor in determining the extent of blood 
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damage by TVSS, as similarity in TVSS levels seen in all four configurations may be due 
to the fact that they possess the same geometrical orifice area (GOA). 
 
6.4.4 Clinical Importance of findings 
The external circumference of all surgical artificial heart valves is enclosed by a sewing 
ring required for the secure implantation of the prosthesis at the mitral annulus. The 
necessity for a fabric component around the valve housing will not only mean that the 
orifice area of the prosthetic valve will be smaller in size in comparison to the native 
annulus, but moreover creates a large off-set distance (p) between the orifice center 
and the posterior ventricular wall, similar in nature to the Control D and Circular 
centered orifice configurations employed in this study. Based on the findings obtained, 
it can be postulated that the mere biomimicry of the D shaped annulus in future 
artificial valve designs will on the contrary result in a poorer hemodynamic 
performance. Rather, the design focus should be towards the reduction in the off-set 
distance (p) of the filling jet from the posterior wall as oppose to the wholesale 
replication of the native annulus geometry, with the aim of recreating the 
physiological vortex formation in the left ventricle.  
 
6.4.5 Limitations 
Even though the 2D3C particle image velocimetry technique was utilized to capture 
the three-dimensional flow field in each measurement plane, subsequent inter-planar 
interpolation was required to visualize the complete volumetric flow field. 
Furthermore, non-uniform ventricular constriction was observed between all four 
configurations at initial acceleration flow (prior to time step I). Nevertheless, having 
employed differing orifice configurations while keeping several important parameters 
constant, the appropriate controls were in place so as to reduce experimental errors 
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and bias. Finally, the results shown are based upon a single experiment conducted per 


















































7.1 The design and development of a D-shaped bi-leaflet bio-prosthesis 
which replicates the physiological left ventricular flow patterns, as a 
foundation for future numerical analysis on patient specific native mitral 
valve dynamics 
Physiological flow patterns can be replicated by the biomimicry of a native mitral 
valve’s geometry. Physiological flow pattern in the LV is made up of a large central 
asymmetric vortex that enhances clockwise circulation towards the LVOT. This 
ensures stability and minimizes fluctuations in the flow while enhancing the 
conservation of mean kinetic energy, potentially leading to higher cardiac efficiency 
and lower turbulence. In addition, it can be postulated that at the mitral position, 
traditional hemodynamics performance parameters are insufficient to evaluate valve 
performance without taking into account LV vortex formation. 
 
7.2 The development of a mitral apparatus inspired mechanical prosthesis, 
with the objective of validating further computational modelling of 
biomimetic valve designs through the provision of experimental data 
Despite recent advancements in bio-prosthetic anti-calcification pericardial tissue 
fixation methods, the established bi-leaflet mechanical heart valve remains the single 
recommended valve option for patients below the age of 60, due to its superior 
durability and the unfortunate tendency for bio-prosthetic valves to degenerate 
prematurely in young patients(33). In this study, it is shown that with the use of 
biomimicry, hemodynamic performance of mechanical valves can be improved upon, 




7.3 An in vitro analysis of the mitral anterior leaflet’s sole effect on the left 
ventricular vortex formation within an idealized silicon phantom, initializing 
a preliminary insight into its potential role in velocity fluctuation suppression, 
and thus serve as a basis upon which subsequent computational 
hemodynamic studies can be validated 
In this study, it is shown that the asymmetrical physiological vortex can be replicated 
solely from the inclusion of the anterior leaflet in a mechanical valve design resulting 
in turbulence levels lower than that of a clinically established tissue bio-prosthesis. 
Secondly, the findings suggest that left ventricular flow instability is caused by 
momentum flux occurring at spatial and temporal stages of the flow where the 
decrease in helicity of the vortical structures lead to vortex decay and subsequent 
energy dissipation. Further studies are required to elucidate the role that helical 
coherent structures play in suppressing such energy losses with the aim of designing 
more efficient and less thrombotic valves in the future.   
 
7.4 An investigation into the hemodynamic effects of mitral orifice geometry 
and position on subsequent left ventricular vortex formation and turbulence 
intensity, to provide a form of validation for future jet-wall interaction 
studies within the left ventricular space. 
Currently, effort is being directed towards replicating the D shaped annulus geometry 
in the design of annuloplasty rings(175) and trans-catheter valves(172) for the mitral 
position, with the aim of conforming to the native anatomy as much as possible. In 
this study, it has been shown that the mere change in orifice geometry from circular 
to D shaped, results in poorer hemodynamic performance downstream if the off-set 
distance (p) of the filling jet from the posterior wall is not considered, as the effect of 
the off-set distance (p) was perceived to be more significant in comparison to the 




The findings of this study which elucidates the effect of the orifice shape and its offset 
distance (p) from the posterior ventricular wall on LV vortical formation, can aid in the 
development of future biomimetic valve designs that may one day possess the 
capability to restore the physiological asymmetrical vortex in the left ventricle. This 
capacity for physiological LV vortex restoration in artificial replacement valve designs 
can potentially lead to a further reduction in turbulence levels in the left ventricle, 
subsequently resulting in lower levels of subsequent blood damage and higher overall 
cardiac efficiency.  
 
7.5 Overarching Conclusion 
In summary, the in vitro experiments utilizing particle image velocimetry were able to 
elucidate the left ventricular vortex formation downstream of the mitral position. The 
findings obtained show that a biomimetic approach to mitral valve design has the 
potential to improve valve hemodynamic performance via the restoration of the 
physiological flow field within the left ventricle. Therefore, biomimicry concepts 
illustrated in this dissertation may be applied to future mitral valve development.  
 
7.6 Recommendations  
This section will recommend several steps that can be done to build upon the findings 
obtained in this dissertation that will further advance mitral valve research and 
development. 
 
7.6.1 Tomographic/volumetric Particle Image Velocimetry experiments 
Stereoscopic 2D3C and Two-Dimensional Particle Image Velocimetry (PIV) techniques 
were employed in course of this dissertation to measure the downstream flow field 
in the left ventricle. However, the 2D PIV experiments only captures the flow patterns 
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in the X and Y dimensions, leaving out the 3rd dimensional velocity component. This 
does not accurately portray the exact flow conditions in the left ventricle since the 
formation of vortices there is three dimensional in nature. Furthermore, although the 
2D3C PIV technique enables the reconstruction of three-dimensional velocity vectors 
within the plane of interest, subsequent interpolations between measurement plane 
are required to generate the complete volumetric flow field. On the contrary, the fully 
three-dimensional Tomographic 3D3C PIV method will allow for the measurement of 
the instantaneous velocity field downstream of the valve within the specified volume 
of interest, without the need for interpolation and time averaging. This would enable 
the detection of coherent structures that might not otherwise be captured in an 
ensemble averaged plot. 
 
7.6.2 A biomimetic approach to future development of mitral valve designs 
The native mitral apparatus comprises of a D shaped orifice with two leaflets of 
unequal sizes hinged at opposing ends. This distinctive geometrical arrangement 
optimizes the formation of a large asymmetric clockwise vortex in the left ventricle, 
which has been shown in this dissertation to result in lower turbulence intensity levels 
and related blood damage.  
 
Based on the findings of this study, it can be clearly observed that the native 
geometrical features of the mitral valve apparatus have a significant contribution to 
the establishment of a physiological flow field in the left ventricle, which is in turn 
shown to be closely related to the overall cardiac efficiency. Biomimicry applied to 
future artificial mitral valves will enable the replication of the physiological flow field 
observed in a healthy heart, subsequently resulting in a reduction in related 
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thrombotic complications in future prostheses. The biomimetic approach can be 
achieved by potentially incorporating a D shaped orifice into future bi-leaflet valve 
designs that should comprise of a larger leaflet positioned anteriorly. Furthermore, 
future mitral valves should be optimized to reduce the distance between the orifice 
center and the posterior wall, while simultaneously incorporating a circumferential 
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